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The innate immune system is the first line of defense against pathogens. This system 
is equipped with receptors, named Pattern Recognition Receptors (PRRs), that 
recognize a broad set of molecules present in pathogens, known as Pathogen-
Associated Molecular Patterns (PAMPs). These receptors are present in many 
immune pathways, such as the Toll- or the Imd pathways, but also in other immune 
mechanisms as the complement system or lectins. The Toll- and the Imd pathways 
are pathways that trigger the production of antimicrobial peptides, whereas the 
complement system and lectins are involved in opsonization, phagocytosis and 
pathogen killing. This thesis aimed to investigate the evolution of innate immunity and, 
more specifically, the evolution of these pathways and systems in invertebrates. In 
order to fulfill this aim, I divided this thesis in two studies. First, I investigated the 
evolution of the Toll receptors (TLRs), which are the PRR involved in the Toll pathway; 
and second, I studied the presence and role of the aforementioned pathways and 
systems in the nemertean Lineus ruber, a member of the spiralian clade. Both studies 
combine in silico and wet-lab approaches in order to accomplish the aims. 
In my first study, I performed transcriptomic and genomic surveys in order to identify 
TLRs in 45 invertebrate species. The results show the presence of TLRs in 24 of these 
45 species, being present in very variable numbers. Moreover, I performed 
phylogenetic analyses in order to reconstruct the evolution of TLR, showing that all 
metazoan TLRs originated from a single proto-TLR present in the planulozoan 
(cnidarian + bilaterian) last common ancestor. This gene later likely duplicated and 
diversified giving raise to TLRs that group in three clades. Further duplications and 
losses shaped the distribution of TLRs across the phylogeny, generating the extant 
diversity of TLRs in metazoans. Additionally, as TLRs are involved both in immunity 
and development, stage-specific transcriptomic analyses of four protostome species 
and in situ hybridization in the brachiopod Terebratalia transversa were performed, 
showing that TLRs are expressed in this species during ontogeny. 
In my second study, I investigated the presence and function of the Toll pathway, the 
Imd pathway, the complement system, and lectins in the nemertean Lineus ruber. 
Transcriptomic surveys in Lineus ruber show that components of these pathways and 
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systems are present in this species. Moreover, in situ hybridization shows that lectins 
are expressed in the blood, the nervous system, and the gut. Additionally, in order to 
study the function of some of the components of these pathways and systems, I 
performed an immune challenging assay, in which Lineus ruber specimens were 
exposed to gram negative bacteria. Differential expression of TLRs, imd, C3-1, and 
lectins was tested, showing that all these genes, except for one TLR and imd, are 
upregulated upon gram-negative infection. The earliest immune response was 
detected at 6 hours of infection, with the upregulation of Lineus ruber TLRβ1 and 
TLRβ2. Additionally, a stronger upregulation of another TLR, TLRα3, occurred at 12 
hours of infection, simultaneously to the upregulation of lectins. Upregulation of the 
complement gene C3-1 was first observed at 24h of infection. 
Altogether, the two studies that compose my thesis provide insights into how immunity 
functions in invertebrates and how this system has evolved.   
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CHAPTER 1: INTRODUCTION 
1.1 PATHOGENS 
A disease is an alteration of the normal state of an organism that impairs the normal 
functioning of the organism, affecting humans, animals, or plants. Pathogens are living 
agents, including viruses, bacteria, protists, and parasites, that are often the cause of 
disease. Before the discovery and acceptance of the existence of microorganisms and 
their role in diseases, they were thought to be caused by supernatural phenomena 
(e.g. God, magic, evil spirits) or by geological and astronomical events (e.g. 
earthquakes, comets) that spread poisonous vapors in the air (Karamanou et al., 
2012). Microorganisms were discovered by Antoni Van Leeuwenhoek in 1676, when 
he observed what he called “animacules”, which are bacteria and other 
microorganisms, in water and infusions with one of his self-made microscopes (Porter, 
1976; Van Leeuwenhoek, 1677). However, it was not until the late 19th century, when 
Louis Pasteur refuted the theory of spontaneous generation and proved that 
microorganisms are ubiquitous (Ariatti and Comtois, 1993; Karamanou et al., 2012; 
Pasteur, 1860). Later in that century, Robert Koch established a direct relationship 
between some microorganisms and the disease they were causing (Cambau and 
Drancourt, 2014; Karamanou et al., 2012).  
Today, we know that pathogens are numerous and some reports even suggest that 
there could be more pathogenic species than free-living species (Windsor, 1998). 
Furthermore, pathogens normally infect more than one species, whereas a species 
can also be the host of multiple pathogen species. This entails a serious threat for 
animals and plants, which are exposed to the attack of multiple pathogens that can 
cause serious diseases and death. For instance, in the 13th century, the bubonic 
plague, caused by the bacteria Yersinia pestis, cost the life of approximately 20 million 
people (McEvedy, 1988); and the Spanish flu, caused by H1N1 influenza A virus, 
caused approximately 50 million human deaths between 1918 and 1919 (Radusin, 
2012). Currently, protozoans belonging to several Plasmodium species are 
responsible for malaria disease, which killed 409.000 people only in 2019 (World 
Health Organization, 2020); and SARS-CoV-2 virus has killed over 3 million people 
since March 2020. In other animals, pathogens also trigger deathly diseases, 
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generating, in some cases, great losses in human economy. For instance, the 
crustacean Lepeophtheirus salmonis (salmon lice) infests salmons (Skilbrei et al., 
2013), while QPX (Quahog Parasite Unknown) is a parasite of clams (Whyte et al., 
1994), causing both of them the death of a large number of salmons and clams, 
respectively. In order to counter-attack pathogens, animals and plants have developed 
defense mechanisms, known as the immune system. Furthermore, pathogens 
affecting bacteria (e.g. the bacteriophage T4 virus attacks Escherichia coli) and 
immune genes in bacteria (e.g. cas genes) have been identified (Barrangou et al., 
2007; Hadas et al., 1997), suggesting that immunity is a very ancient mechanism. 
Therefore, immunity is an important mechanism present in living organisms to be able 
to defend themselves against pathogens.  
1.2 PATHOGEN ENTRANCE AND TYPES OF IMMUNITY 
In order to avoid the entrance of pathogens into the organism, plants and animals have 
a series of physical barriers. For instance, plants have cuticles that not only prevent 
the entrance of microorganisms to the plant but also prevent microbe proliferation on 
their surface (Doughari, 2015; Zhang et al., 2019). In some plants (e.g. trees, bushes), 
the accumulation of lignin in the cell walls, confers rigidity and an extra layer that is 
very difficult to trespass by insects or microorganisms (Doughari, 2015). Moreover, 
many plants have developed structures, such as stomatal guard cells, trichomes, or 
thorns to avoid parasites or predators (Doughari, 2015; Melotto et al., 2006). 
Furthermore, animals have an epidermis covered by mucus or other structures (e.g. 
feathers, scales, cuticles, hair) that prevent pathogen entrance into the organism.  
However, if a pathogen manages to overcome these barriers, the organism employs 
other immune mechanisms to defend itself. Immunity is a mechanism to distinguish 
between self and non-self in order to eliminate pathogens. In animals, this system is 
composed of humoral (proteins present in liquids and extracellular compartments) and 
cellular components (Turvey and Broide, 2010). Once these extracellular proteins and 
cells encounter pathogens, they trigger immune processes, such as agglutination, 
melanization, or phagocytosis, to isolate, kill and destroy the invading pathogens 
(Fisher and DiNuzzo, 1991; Nagl et al., 2002; Yassine et al., 2012). These immune 
mechanisms are present in many organs and systems, including the blood (Lv et al., 
2017; Melcarne et al., 2019; Toubiana et al., 2013), the epidermis (Bosch et al., 2009; 
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Pujol et al., 2008; Rakers et al., 2013), the gut and respiratory system (Garcia-Garcia 
et al., 2013; Gendrin et al., 2013; Lu et al., 2013; Lv et al., 2017; Marques and Boneca, 
2011; Toubiana et al., 2013), or the nervous system and sensory structures (Gendrin 
et al., 2013; Yang et al., 2010). Immunity is classified into innate immunity and adaptive 
immunity. Innate immunity is an immediate, non-specific response to pathogen 
invasion that is present in all animals. Adaptive immunity is constituted by molecules 
with immune memory and high diversification potential, in order to provide a specific 
immune response for the attacking pathogen. Since antibodies, which are highly 
variable immune molecules, are present in vertebrates but are lacking in invertebrates, 
the adaptive immune system is thought to be specific for vertebrates. However, several 
authors are challenging this view, showing that invertebrate immune systems could 
also have memory and other proteins with high diversification potential, suggesting that 
an adaptive-like immune system could be present in these organisms (Brites et al., 
2008; Cerenius and Soderhall, 2013; Cong et al., 2008; Kurtz and Franz, 2003; Pancer, 
2000; Portela et al., 2013; Sadd and Schmid-Hempel, 2006; Watson, 2005; Zhang, 
2004).  
1.3 CONSERVED MECHANISMS IN INNATE IMMUNE SYSTEMS  
Upon pathogen entrance into the organism, the innate immune system is activated. As 
mentioned above, innate immunity is an unspecific response, meaning that a relatively 
small set of protein receptors can induce a generic response towards the invading 
pathogens. This is possible because innate immunity is equipped with Pattern 
Recognition Receptors (PRRs), which are transmembrane and extracellular receptors 
that recognize Pathogen-Associated Molecular Patterns (PAMPs), a broad range of 
molecules that are conserved in microorganisms but are not present in the host 
(Janeway, 1992, 1989). Furthermore, PRRs can also detect molecules called Damage-
Associated Molecular Patterns (DAMPs), which are produced by the host cells only 
under defensive situations. These receptors are present in the main pathways and 
systems involved in innate immunity, such as the Toll pathway (Toll-like receptors), the 
Imd pathway (Peptidoglycan recognition protein receptors). Furthermore, extracellular 
proteins, such as the lectins involved in complement activation (e.g. ficolins or 
mannose-binding lectins), but also other types of lectins (e.g. galectins), are also 
PRRs. 
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1.3.1 THE TOLL PATHWAY 
The Toll pathway is a pathway involved in immunity and development in metazoans 
(Aderem and Ulevitch, 2000; Anthoney et al., 2018; Barton, 2003; Brennan and 
Gilmore, 2018; Coscia et al., 2011; Hoffmann and Reichhart, 2002; Medzhitov, 2001; 
Nie et al., 2018; Valanne et al., 2011). The first component of this pathway to be 
identified was the Drosophila Toll receptor, due to its role in the establishment of 
dorsoventral polarity in early embryonic development (Anderson et al., 1985; Anderson 
and Nüsslein-Volhard, 1984). A decade after, the Toll pathway was discovered to be 
involved both in Drosophila and human immunity (Lemaitre et al., 1996; Medzhitov et 
al., 1997). Currently, it is known that Drosophila melanogaster and Homo sapiens have 
9 (Anderson and Nüsslein-Volhard, 1984; Tauszig et al., 2000) and 10 TLRs 
(Medzhitov et al., 1997; Rock et al., 1998), respectively; but many other TLRs and 
other components of this pathway have also been identified across metazoans. In 
vertebrates and Drosophila, this pathway has been extensively studied and reviewed 
(Aderem and Ulevitch, 2000; Anthoney et al., 2018; Barak et al., 2014; Barton, 2003; 
Kawai and Akira, 2010; Lindsay and Wasserman, 2014; Valanne et al., 2011).  
In vertebrates and Drosophila, the Toll pathway is activated in response to bacteria, 
fungi, and viral infection (Chowdhury et al., 2019; Deepika et al., 2020; Li et al., 2013; 
Lund et al., 2003; Schwandner et al., 1999; Tauszig-Delamasure et al., 2002; Underhill 
et al., 1999; Zambon et al., 2005). Furthermore, the Toll pathway also plays a role in 
immunity in cnidarians (Bosch et al., 2009; Brennan et al., 2017; Franzenburg et al., 
2012), mollusks (Priyathilaka et al., 2019; Ren et al., 2017, 2016; Wang et al., 2016; 
Zhang et al., 2011, 2013), annelids (Prochazkova et al., 2019; Škanta et al., 2013), 
and echinoderms (Lu et al., 2013; Russo et al., 2015). Moreover, during arthropod 
ontogeny, besides being involved in the establishment of dorsoventral polarity 
(Anderson et al., 1985; Anderson and Nüsslein-Volhard, 1984), this pathway plays a 
role in axis elongation (Benton et al., 2016; Paré et al., 2014), segmentation (Eldon et 
al., 1994), muscle and neuronal development (Halfon et al., 1995; Ward et al., 2015), 
heart formation (Wang et al., 2005) and wing formation (Byun et al., 2019; Meyer et 
al., 2014); whereas in vertebrates, the Toll pathway plays a role in nervous system 
development (Hung et al., 2018; Kaul et al., 2012; Rolls et al., 2007; Shechter et al., 
2008). Additionally, the Toll pathway is involved in the development of cnidarians 
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(Brennan et al., 2017). Nevertheless, although components of the Toll pathway are 
expressed during mollusk and annelid development (Priyathilaka et al., 2019; 
Prochazkova et al., 2019), their roles in immunity and/or development have not been 
elucidated. 
The receptors of the Toll pathway are the Toll receptors (TLRs) (Anderson et al., 1985; 
Lemaitre et al., 1996; Medzhitov et al., 1997; Rock et al., 1998). TLRs are type I 
transmembrane proteins characterized by the presence of one or more extracellular 
leucine-rich repeat (LRR) domains, a transmembrane domain (TM), and an 
intracellular Toll/IL-1 (TIR) domain (Figure 1.1A) (Hashimoto et al., 1988; Schneider et 
al., 1991). The region formed by the LRR domains is responsible for pathogen 
detection; while the TIR domain is involved in signal transduction (Bell et al., 2003; 
Kobe and Kajava, 2001; Schneider et al., 1991). LRR domains are formed by 22-26 
amino acids, in which multiple leucine residues are found (Hashimoto et al., 1988). 
Furthermore, all TLRs contain at least one LRR domain with cysteine residues in the 
C-terminal area of the domain (LRRCT), but only some TLRs contain LRR domain with 
cysteine residues in the N-terminal area of the domain (LRRNT) (Medzhitov, 2001; 
Rock et al., 1998; Schneider et al., 1991). According to the structure of the LRR region, 
TLRs are classified in vertebrate-type or single cysteine cluster (V-type/scc), and 
protostome-type or multiple cysteine cluster (P-type/mcc) (Figure 1.1A) (Hibino et al., 
2006). Since vertebrates only have V-type/scc TLRs and the Drosophila melanogaster 
and Caenorhabditis elegans TLRs are classified as P-type/mcc type (except for the 
Drosophila Toll9), V-type/scc TLRs and P-type/mcc have been associated to 
deuterostomes and protostomes, respectively. However, in the last decade, 
sequencing of genomes and transcriptomes has shown the presence of V-type/scc 
TLRs in protostomes and P-type TLRs in invertebrate deuterostomes, demonstrating 
that these TLRs types are not restricted only to deuterostomes or protostomes, 
respectively (Brennan and Gilmore, 2018; Davidson et al., 2008; Halanych and Kocot, 
2014; Nie et al., 2018). Furthermore, TLR-like proteins containing only LRR and 
transmembrane domains (LRR-only) or the transmembrane and the TIR domain (TIR-
only) (Figure 1.1A) are also involved in immunity in metazoans (Bosch et al., 2009; 
Brennan and Gilmore, 2018; Gauthier et al., 2010; Kamm et al., 2019; Leulier and 
Lemaitre, 2008; Liu et al., 2020; Nie et al., 2018; Peiris et al., 2014; Poole and Weis, 
2014; Wiens et al., 2006). However, only proteins constituted by the LRR domains, a 
 16 




Figure 1.1 The Toll pathway in metazoans. A. Domain architecture of Toll-like receptors (TLR) and 
Toll-like receptors-like (TLR-like). B. Toll pathway signaling cascade in Drosophila and vertebrates. C. 
Presence and absence of components of the Toll pathway in metazoans. Abbreviations: AP-1: Activator 
protein 1; Cyt: Cytoplasm; EC: Extracellular space; LRR: Leucine-rich repeat; mcc: multiple cysteine 
cluster; N: Nucleus; P-type: Protostome-type; SARM: Sterile-alpha and Armadillo motif-containing 
protein; scc:  single cysteine cluster; Spz: Spätzle; TIR: Toll/IL-1 receptor domain; TIRAP: 
Toll/interleukin-1 receptor domain-containing adapter protein; TLR: Toll receptor; TRAM: TRIF-related 
adaptor molecule; TRIF: TIR-domain-containing adapter-inducing interferon-β; V-type: Vertebrate-type. 
This figure is a combination of figure 1 in Paper I (for plate A) and figure 1 in Paper II (for plates B and 
C). References: A. (Brennan and Gilmore, 2018; Leulier and Lemaitre, 2008). B. (Barton, 2003; 
Hoffmann and Reichhart, 2002; Lindsay and Wasserman, 2014; Valanne et al., 2011). C. (Anderson et 
al., 1985; Anderson and Nüsslein-Volhard, 1984; Azumi et al., 2003; Bosch et al., 2009; Brennan et al., 
2017; Davidson et al., 2008; Denoeud et al., 2010; Forsthoefel et al., 2012; Gauthier et al., 2010; Gerdol 
et al., 2018; Gerdol and Venier, 2015; Halanych and Kocot, 2014; Hibino et al., 2006; Ji et al., 2018; 
Kamm et al., 2019; Leclère et al., 2019; Lemaitre et al., 1996; Luo et al., 2018; Mapalo et al., 2020; 
Medzhitov et al., 1998, 1997; Palmer and Jiggins, 2015; Peiris et al., 2014; Poole and Weis, 2014; Ren 
et al., 2017, 2016; Richter et al., 2018; Rock et al., 1998; Sasaki et al., 2009; Sullivan et al., 2007; Tassia 
et al., 2017; Toubiana et al., 2014; Traylor-Knowles et al., 2019; Valanne et al., 2011; Wesche et al., 
1997; Wiens et al., 2006, 2005; Williams et al., 2018; Yu et al., 2015; Yuan et al., 2009) 
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In vertebrates, activation of the Toll pathway occurs by the direct binding of TLRs to 
PAMPs (Gay and Gangloff, 2007). In Drosophila, however, this is an indirect process, 
in which PAMPs are recognized by other PRR receptors – PGRP-SA, PGRP-SD, 
GNBP1, and GNBP 3 (Bischoff et al., 2004; Gobert, 2003; Gottar et al., 2006; Michel 
et al., 2001) – that trigger proteolytic cascades that culminate with the cleavage of 
Spätzle by the Spätzle-processing enzyme (SPE) (Jang et al., 2006). Once Spätzle is 
cleaved, TLRs recognize it and the Toll pathway is activated (Chowdhury et al., 2019; 
Weber et al., 2003). During development in Drosophila, Spätzle also acts as the ligand 
of the TLRs, although the cleavage of this protein is conducted by the Easter enzyme 
as a result of a different proteolytic cascade (DeLotto and DeLotto, 1998; Morisato and 
Anderson, 1994; Weber et al., 2003). 
Upon ligand recognition, TLRs are activated and trigger a similar signaling cascade in 
Drosophila and vertebrates. Names for the Drosophila and the vertebrate orthologs are 
different (except for MyD88). Thus, through the following section, when mentioning 
them, the first ortholog refers to the Drosophila protein, while the second corresponds 
to the vertebrate ortholog. Once TLRs are activated, they interact with the adaptor 
MyD88 by their TIR domains (Figure 1.1B) (Horng and Medzhitov, 2001; Medzhitov et 
al., 1998). This leads to the recruitment of the kinase proteins Tube/Irak4 and 
Pelle/Irak1, which interact between them and MyD88 by the DEATH domains present 
in these proteins (Schiffmann et al., 1999; Sun et al., 2002; Wesche et al., 1997). When 
the Toll pathway is not activated, Cactus/IB inhibits the entrance to the nucleus of the 
Drosophila transcription factors Dorsal and Diff, and their vertebrate ortholog NFB-
p65. Upon Toll pathway activation and recruitment of the kinase proteins, a 
phosphorylation cascade triggers the degradation of Cactus/IB, leading to the 
translocation of these transcription factors into the nucleus (Aderem and Ulevitch, 
2000; Lemaitre et al., 1996; Valanne et al., 2011). Furthermore, in vertebrates, TLRs 
also trigger, by another branch of downstream effectors, the translocation of the 
transcription factors AP-1 to the nucleus (Valanne et al., 2011). These transcription 
factors induce the expression of other immune-related genes, such as antimicrobial 
peptides and cytokines. (Akira et al., 2006; De Gregorio, 2002; Lemaitre et al., 1996; 
Rutschmann et al., 2000; Valanne et al., 2011). Additionally, in vertebrates, the TLRs 
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can also associate with other adaptors (TRIF, TRAM, and TIRAP) and trigger a MyD88-
independent cascade, promoting the entrance of the transcription factor interferon 
regulatory factor (IRF) to the nucleus (Kawai et al., 2001). Orthologs of these adaptors 
have not been found in invertebrates. Furthermore, another adaptor, the SARM 
protein, which is present both in vertebrates and invertebrates, is involved in Toll 
receptor pathway inhibition (Belinda et al., 2008; Carty et al., 2006). 
Moreover, the sequencing of invertebrate genomes and transcriptomes over the last 
two decades has made possible the identification of many components of the Toll 
pathway in species across the metazoan tree (Figure 1.1C). Within ecdysozoans, the 
presence of Spätzle has been detected in multiple arthropods and tardigrades (Mapalo 
et al., 2020; Morisato and Anderson, 1994). Moreover, in spiralians, Spätzle has been 
suggested to be present in the clam Paphia undulate (Yu et al., 2015). Nonetheless, 
this protein is not present in other metazoans, including the remaining mollusks that 
have been surveyed for this protein (Davidson et al., 2008; Gerdol et al., 2018; Gerdol 
and Venier, 2015; Mapalo et al., 2020). Toll receptors are widespread in multiple 
species across the metazoan tree, especially in bilaterians (Figure 1.1C) (reviewed in 
Coscia et al., 2011; Brennan and Gilmore, 2018; Nie et al., 2018). In non-bilaterian 
metazoans, although TLRs seem to be absent in ctenophores (Traylor-Knowles et al., 
2019), placozoans (Kamm et al., 2019), poriferans (Gauthier et al., 2010; Wiens et al., 
2006), and hydrozoan cnidarians (Bosch et al., 2009; Leclère et al., 2019), they are 
present in anthozoan cnidarians (Brennan et al., 2017; Poole and Weis, 2014; Williams 
et al., 2018). Due to the absence of TLRs in these metazoans (Dunn et al., 2014; 
Philippe et al., 2009; Ryan et al., 2013), some authors have proposed that TLRs could 
have emerged in the common ancestor of cnidarians and bilaterians (Leulier and 
Lemaitre, 2008; Liu et al., 2020; Nie et al., 2018). However, the presence of TLRs in 
choanoflagellates, the sister group to metazoans, challenges this hypothesis, 
suggesting that TLR origin could predate the appearance of animals (Richter et al., 
2018). Within spiralians, TLRs are present in annelids (Davidson et al., 2008; Halanych 
and Kocot, 2014), mollusks (Gerdol and Venier, 2015; Halanych and Kocot, 2014; Ren 
et al., 2017, 2016), brachiopods (Gerdol et al., 2018; Halanych and Kocot, 2014), 
phoronids (Halanych and Kocot, 2014; Luo et al., 2018) and nemerteans (Halanych 
and Kocot, 2014; Luo et al., 2018); where they went through lineage-specific 
expansions in the trochozoan lineage. However, TLRs have not been found so far in 
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platyhelminthes (Peiris et al., 2014) and rotifers (Flot et al., 2013). Moreover, in other 
ecdysozoans than arthropods and nematodes, TLRs are present in onychophorans, 
tardigrades, nematomorphs, and priapulids (Mapalo et al., 2020). In invertebrate 
deuterostomes, they are present in echinoderms and amphioxus, where this gene 
family has also been expanded, but also in tunicates, in which TLRs are present in 
lower numbers than in other deuterostomes. Orthologs for the adaptor MyD88, Irak 
proteins, and the transcription factor NF-B have been detected in a wide range of 
metazoan species (Azumi et al., 2003; Davidson et al., 2008; Forsthoefel et al., 2012; 
Gauthier et al., 2010; Gerdol et al., 2018; Gerdol and Venier, 2015; Hibino et al., 2006; 
Peiris et al., 2014; Tassia et al., 2017; Toubiana et al., 2014; Yuan et al., 2009), albeit 
gene losses have occurred in ecdysozoan lineages (Figure 1.1C) (Mapalo et al., 2020). 
Along with these findings, previous studies have shown that the expression of many 
components of the Toll pathway in invertebrates is altered upon bacterial exposure, 
showing that the function of this pathway in immunity is conserved in metazoans (Ren 
et al., 2017, 2016; Tirapé et al., 2007; Toubiana et al., 2014; Wang et al., 2011; Zhang 
et al., 2011; Zhang and Coultas, 2011).  
1.3.2 THE IMD PATHWAY 
The Imd pathway is a pathway in arthropods, that is involved in the detection and 
immune response against meso-diaminopimelic acid (DAP)-type peptidoglycans, 
which are found in gram-negative bacteria and a few gram-positive bacteria (Bai et al., 
2020; Bao et al., 2013; Kaneko et al., 2006; Lemaitre et al., 1995; Zhou et al., 2018).  
This pathway is activated by receptors belonging to the Peptidoglycan recognition 
protein receptors (PGRPs) family (Dziarski, 2004; Dziarski and Gupta, 2010, 2006; 
Myllymäki et al., 2014). PGRPs are present in multiple metazoan species (e.g. 
mollusks, brachiopods, arthropods, vertebrates) (Gerdol et al., 2018; Gerdol and 
Venier, 2015; Kang et al., 1998). PGRPs, also known as PGLYRP in vertebrates, 
recognize peptidoglycans and are characterized by the presence of a recognition 
PGRP domain (aka N-acetylmuramoyl-L-alanine amidase domain) at the C-terminal 
end of the protein (Kang et al., 1998; Werner et al., 2000). PGRP proteins are classified 
into short PGRPs (Invertebrate PGRP-S and the vertebrate PGLYRP) and long PGRP 
(PGRP-L) (Werner et al., 2000). Short PGRPs are extracellular proteins around 200 
amino acids long, while long PGRPs can be extracellular, transmembrane, or cytosolic 
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proteins and are constituted at least by 400 amino acids (Dziarski and Gupta, 2006; 
Myllymäki et al., 2014). The arthropod PGRP-LC is a transmembrane protein that 
constitutes the main receptor of the Imd pathway (Choe et al., 2005, 2002; Gottar et 
al., 2002; Rämet et al., 2002; Takehana et al., 2004; Werner et al., 2003). Additionally, 
the cytoplasmatic isoform of PGRP-LE acts as a cytosolic receptor sensing intracellular 
peptidoglycans and activates the Imd pathway (Chevée et al., 2019; Paik et al., 2017; 
Takehana et al., 2004, 2002). Besides the PGRP recognition domain, these two 
proteins have a RIP Homotypic Interaction Motif (RHIM), which is involved in signal 
transduction to the Imd adaptor (Kaneko et al., 2006). Other long PGRPs, (PGRP-LA, 
PGRP-LF, and PGRP-LB) are involved in the regulation of the Imd pathway (Basbous 
et al., 2011; Gendrin et al., 2013; Maillet et al., 2008; Zaidman-Rémy et al., 2006). 
Furthermore, some arthropod PGRP-S are also involved in Imd pathway modulation, 
however, the majority of them (e.g. PGRP-SA, PGRP-SB, PGRP-SD) are involved in 
other functions such as Toll pathway modulation (Michel et al., 2001), initiation of the 
prophenoloxidase cascade during melanization (Takehana et al., 2004, 2002; Yoshida 
et al., 1996) and bacterial degradation (Bischoff et al., 2006; Mellroth et al., 2003; 
Zaidman-Rémy et al., 2011, 2006). 
Upon PGRP-LC and PGRP-LE peptidoglycan recognition, signal transduction to the 
adaptor Imd occurs via the RHIM motifs (Figure 1.2A) (Kaneko et al., 2006), triggering 
the Imd-Fadd-Dredd complex (Hu and Yang, 2000; Naitza et al., 2002). Then, 
activation of the caspase Dredd by Iap2 leads to the cleavage of Imd by Dredd 
(Meinander et al., 2012). Once Imd is processed, it associates with Iap2 and promotes 
the formation of the Tab2/Tak1 complex (Meinander et al., 2012). This triggers the 
dissociation of the IKK complex, formed by Kenny/IKKγ and Ird5/IKKβ (Silverman, 
2000), which leads to the phosphorylation and cleavage of Relish by Ird5/IKKα-β and 
Dredd, respectively (Kim et al., 2014; Kleino and Silverman, 2019; Myllymäki et al., 
2014; Silverman, 2000; Stöven et al., 2000; Valanne et al., 2011). Relish is constituted 
by two Relish Homology Domains (RHD and IPT) and an IB-like region, formed by 
ankyrin repeats (ANK) and a DEATH domain, which inhibit the entrance of Relish into 
the nucleus (Dushay et al., 1996; Keshavarz et al., 2020; Shin et al., 2002). Once 
Relish is cleaved, being only constituted by the two Relish Homology Domains, it is 
translocated into the nucleus, where it regulates the expression of immune genes (e.g. 
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antimicrobial peptides, PGRPs) (Choe et al., 2002; De Gregorio, 2002; Lemaitre et al., 
1995; Stöven et al., 2000).  
Although the Imd pathway is characteristic of arthropods, this pathway has been lost 
in some lineages (Bao et al., 2013; Gerardo et al., 2010; Hoffmann and Reichhart, 
2002; Nishide et al., 2019; Palmer and Jiggins, 2015). However, although the Imd 
pathway has not been identified in other metazoans, other components of the Imd 
pathway have been found outside Arthropoda (Figure 1.2B). In the spiralians mollusks 
and brachiopods, long transmembrane PGRPs (tPGRPs), Fadd, Dredd and Relish 
proteins have been identified (Gerdol et al., 2018; Gerdol and Venier, 2015; Itoh and 
Takahashi, 2008; Ni et al., 2007; Toubiana et al., 2014; Wei et al., 2012; Zhang and 
Coultas, 2011). However, the lack of the Imd adaptor and the fact that the tPGRPs do 
not contain RHIM motifs makes it difficult to elucidate the presence of this pathway. 
Within ecdysozoans, tPGRP, Imd, Fadd, Dredd, and Relish have not been identified in 
priapulids, nematodes, and tardigrades (Mapalo et al., 2020). Moreover, although no 
homolog pathway to the arthropod Imd pathway has been found in vertebrates, this 
pathway shows similarities with the vertebrate TNF-α pathway, which also culminates 
with the entrance of the transcription factors NFB-p105/NFB-p100 – orthologs of 
Relish – to the nucleus (Hoffmann and Reichhart, 2002; Myllymäki et al., 2014; Steiner, 
2004). Furthermore, both pathways share multiple components (e.g. Fadd, 
Dredd/Caspase8, K63, IKKγ, IKKα-β, Tak1, Relish/NFB-p105/100) and, although the 
Imd protein is absent in vertebrates, a similar protein, also containing a DEATH domain 
is present as the adaptor in the TNF-α pathway (Georgel et al., 2001; Myllymäki et al., 
2014).  However, vertebrate PGRP proteins are not involved in the activation of this 
pathway (Myllymäki et al., 2014; Sedger and McDermott, 2014).  
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Figure 1.2. The Imd pathway in 
metazoans. A. Imd pathway 
signaling cascade in arthropods. B. 
Presence and absence of proteins of 
the Imd pathway in metazoans. 
Greyish compartments within each 
pathway compartment indicate 
proteins that are uncertain to be 
involved in the pathway. This figure 
is a modification of Figure 1 in Paper 
II. Abbreviations: Cyt: Cytoplasm; 
EC: Extracellular space; N: Nucleus; 
PGRP: Peptidoglycan recognition proteins; RHIM: RIP Homotypic Interaction Motif; tPGRP: long 
transmembrane peptidoglycan recognition proteins. References: A. (Hoffmann and Reichhart, 2002; 
Valanne et al., 2011). B. (Chevée et al., 2019; Choe et al., 2002; Davidson et al., 2008; Dushay et al., 
1996; Gerdol et al., 2018; Gerdol and Venier, 2015; Gottar et al., 2002; Hu et al., 2019; Hu and Yang, 
2000; Kaneko et al., 2006; Mapalo et al., 2020; Naitza et al., 2002; Rämet et al., 2002; Romero et al., 
2011; Shin et al., 2002; Takehana et al., 2004, 2002; Toubiana et al., 2014; Werner et al., 2003, 2000; 
Zhang and Coultas, 2011). 
 
1.3.3. THE COMPLEMENT SYSTEM 
The complement system is a proteolytic cascade in which proteins present in the blood, 
the lymph, and interstitial tissues, but also in cellular membranes trigger immune 
processes such as opsonization, phagocytosis, inflammatory regulation, and cytolysis. 
The complement system in vertebrates was identified at the end of the 19th century by 
Jules Bordet (Bordet, 1895; Cavaillon et al., 2019). Since then, many proteins involved 
in the vertebrate complement system have been identified and how this system 
functions in vertebrates has also been disentangled, leading to the writing of numerous 
reviews (Bajic et al., 2015; Fujita, 2002; Fujita et al., 2004b; Kolev et al., 2014; Merle 
et al., 2015a, 2015b; Müller-Eberhard, 1988; Reid and Porter, 1981; Ricklin et al., 2016, 
2010; Zipfel et al., 2007). However, it was not until approximately 100 years later that 
the first evidence of the presence of the complement system in invertebrates were 
found (Bertheussen, 1983, 1981; Bertheussen and Seljelid, 1982; Kaplan and 
Bertheussen, 1977). Currently, the invertebrate complement system is not fully 
understood yet.  
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The vertebrate complement system is activated by three different pathways: The 
classical pathway, the lectin pathway, and the alternative pathway (Figure 1.3A). In 
non-infection conditions, the alternative pathway is constantly activated at low levels 
in order to search for potential danger; whereas the classical and the lectin pathways 
are only activated by the presence of pathogens or during apoptosis (Gaipl et al., 2001; 
Merle et al., 2015a; Mevorach et al., 1998). In order to avoid the elimination of healthy 
cells, these cells express proteins (e.g. Factor H, MAP-1, Decay-accelerating factor 
(DAF)) in their cellular membranes that avoid complement activation on their surfaces 
(Medof et al., 1984; Skjoedt et al., 2010; Wu et al., 2009). The alternative pathway is 
constantly activated by a process called tick-over, which consists on conformational 
changes of the complement C3 protein due to spontaneous hydrolysis to generate 
C3(H2O) (aka C3u), which binds to Factor B (Bexborn et al., 2008; Li et al., 2010; 
Pangburn et al., 1981; Winters et al., 2005). Factor B is a serine protease constituted 
by 3 complement control protein modules (CCP) (aka Sushi or Short Consensus 
Repeats – SCR), a von Willebrand factor (vWF), and a serine protease domain (SP) 
(Figure 1.3B) (Milder et al., 2007). Once Factor B and C3 are bound, Factor D cleaves 
Factor B and forms the C3 convertase – C3(H2O)Bb –, which cleaves C3 into C3a and 
C3b. In infection conditions, the classical pathway is activated by the interaction of the 
C1q protein with antigen-antibody complexes and PAMPs (Albertí et al., 1993; 
Diebolder et al., 2014). C1q is a multimeric protein formed by subunits that consist of 
a globular C1q domain, involved in ligand recognition, and a collagen domain, which 
is the domain by where the subunits interact (Figure 1.3B) (Carland and Gerwick, 2010; 
Svehag et al., 1972). Moreover, C1q forms a complex with C1r and C1s (Arlaud et al., 
2002; Girija et al., 2013). The lectin pathway is activated by the detection of PAMPs by 
mannose-binding lectins (MBL) and ficolins (Matsushita, 2010; Matsushita and Fujita, 
1992). Similar to C1q, MBL and ficolins are multimeric proteins constituted by subunits 
consisting in a collagen domain, by which the subunits assemble, and a C-terminal 
recognition domain (Ichijo et al., 1993; Sastry et al., 1989). In MBL, this recognition 
domain is a C-lectin domain (Sastry et al., 1989); whereas in ficolins, is a Fibrinogen-
related domain (FBG) (Ichijo et al., 1993). Once MBL and ficolins detect PAMPs, they 
interact and activate MBL-associated serine proteases (MASPs) (Matsushita et al., 
2000; Matsushita and Fujita, 1992). Both, the classical pathway protein C1s and the 
lectin pathway protein MASP are serine proteases that cleave the complement proteins 
C2 and C4 to generate C2a, C2b, C4a, and C4b fragments. C2a and C4b interact to 
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form the C3 convertase (C4b2a), an enzyme that catalyzes the cleavage of C3 into 
C3a and C3b (Matsushita, 2013; Müller-Eberhard et al., 1967). 
The three activation pathways converge in the formation of C3 convertases and the 
cleavage of C3 into C3a and C3b. C3, which is the central component of the 
complement system, is a protein that belongs to the Thioester-containing protein (TEP) 
family. Its domain architecture consists of α2-macroglobulin domains, an 
anaphylatoxin domain, a thioester domain (TED), a CUB domain, and a C345C domain 
(aka Netrin domain) (Figure 1.3B) (Janssen et al., 2005). Once it is cleaved, the 
anaphylatoxin domain region forms the C3a fragment, while the remaining fragment 
comprises C3b. C3a is an anaphylatoxin that regulates inflammation, having both pro-
inflammatory and anti-inflammatory functions, but it also has antimicrobial properties 
(Coulthard and Woodruff, 2015; Hartmann et al., 1997; Nilsson et al., 1996; Nordahl et 
al., 2004; Takafuji et al., 1994; Wu et al., 2013). Similar to C3(H2O), the C3b fragment 
can interact with Factor B to form C3 convertase (C3bBb), after Factor D cleaves 
Factor B (Alcorlo et al., 2013; Torreira et al., 2009). Thus, this C3 convertase generates 
an amplification loop that increases the production of C3a, C3b, and, therefore, of C3 
convertase (C3bBb). Moreover, solitary C3b fragments also have opsonization 
properties, attaching to the bacterial surfaces and being detected by complement 
receptors (CR) present in phagocytes (Ehlenberger and Nussenzweig, 1977). Humans 
have five complement receptors: CR1 and CR2 are constituted by CCP modules and 
a transmembrane domain (Ahearn and Fearon, 1989); CR3 and CR4 are formed by 
two protein chains containing integrin-α and β domains, respectively (Vorup-Jensen 
and Jensen, 2018); and CRIg, constituted by Ig domains (Helmy et al., 2006). 
Additionally, C3b also can interact with C3 convertases to form C5 convertases 
(Pangburn and Rawal, 2002). This enzyme cleaves C5 into C5a and C5b, being C5a 
an anaphylatoxin involved in pro-inflammatory processes (Hartmann et al., 1997; 
Nilsson et al., 1996; Takafuji et al., 1994). C5b recruits C6, C7, C8, and C9 forming the 
membrane attack complex (MAC), which inserts into the cellular membrane of gram-
negative bacteria and protozoans forming pores and leading to its lysis (Bhakdi and 
Tranum-Jensen, 1978; Rosado et al., 2008). Furthermore, these proteins also induce 
apoptosis in the infected tissue (Hughes et al., 2000; Nauta et al., 2002; Sato et al., 
1999). Moreover, many other proteins (e.g. properdin, decay-accelerating Factor 
(DAF), Factor H, Factor I) participate in the regulation of complement activation, both 
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to inhibit complement activation on healthy cells, but also to increase the activation of 
this process during infection (Alcorlo et al., 2013; Fearon and Austen, 1975; Hourcade, 
2006; Kouser et al., 2013; Medof et al., 1984; Merle et al., 2015a; Wu et al., 2009).  
Figure 1.3. The complement system in metazoans. A. Complement system cascade in vertebrates. 
B. Domain architecture of proteins belonging to the vertebrate complement system. C. Complement 
system components in metazoans. Orthologs of components of the Imd pathway have been found in 
vertebrates, however, these components belong to the vertebrate TNFα pathway. Greyish 
compartments within each pathway compartment indicate proteins that are uncertain to be involved in 
the pathway. For C1q, FreD-C, and C-lectin proteins, black circles with an asterisk (*) indicate the 
presence of proteins with collagen domains (C1qL, ficolin, and MBL/GBL, respectively), while only black 
circles indicate presence of C1q, FreD-C, and C-lectin proteins containing coiled coil regions instead of 
collagen domains (FreDC2 and CTLDC2). Abbreviations: A2M: α2-macroglobulin family domain; Ab: 
antibody; Anato: Anaphylatoxin homologous domain; AP: Alternative pathway; CCP: complement 
control protein; CP: Classical pathway; CR: Complement receptor; Cyt: Cytoplasm; EC: Extracellular 
space; Fb: Factor B; Fd: Factor D; LP: Lectin pathway; MASP: Mannan-binding lectin serine protease; 
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MBL: Mannose-Binding Lectin; TED: Thioester domain; TM: Transmembrane domain; TrypSP: Trypsin-
like serine protease domain; vWA: von Willebrand factor type A domain. This figure is a modification of 
Figure 1 in Paper II. References: A. (Bajic et al., 2015; Merle et al., 2015a; Ricklin et al., 2016). B. 
(Ahearn and Fearon, 1989; Carland and Gerwick, 2010; Helmy et al., 2006; Ichijo et al., 1993; Janssen 
et al., 2005; Milder et al., 2007; Sastry et al., 1989; Svehag et al., 1972; Vorup-Jensen and Jensen, 
2018) C. (Adams, 2000; Ahearn and Fearon, 1989; Al-Sharif et al., 1998; Altincicek and Vilcinskas, 
2007; Ariki et al., 2008; Azumi et al., 2003; Castillo et al., 2009; Dishaw et al., 2005; Gerdol et al., 2018; 
Gerdol and Venier, 2015; Girija et al., 2013; Gorbushin, 2019, 2018; Han et al., 2018; He et al., 2008; 
Helmy et al., 2006; Hibino et al., 2006; Huang et al., 2011; Ichijo et al., 1993; Janssen et al., 2005; Ji et 
al., 1997; Kimura et al., 2009; Marino et al., 2002; Matsushita and Fujita, 1992; Milder et al., 2007; Miller 
et al., 2007; Nagai et al., 2006; Nair et al., 2005; Nonaka et al., 1999; Nonaka and Kimura, 2006; Palmer 
and Jiggins, 2015; Poole et al., 2016; Prado-Alvarez et al., 2009; Raftos et al., 2002; Rosado et al., 
2008; Sastry et al., 1989; Sekiguchi et al., 2012; Sekiguchi and Nonaka, 2015; Sekine et al., 2001; 
Skazina and Gorbushin, 2016; Smith et al., 2006, 1998; Srivastava et al., 2010; Suzuki et al., 2002; 
Svehag et al., 1972; The C.elegans Sequencing Consortium, 1998; Vorup-Jensen and Jensen, 2018; 
Wang et al., 2019; Zhu et al., 2005). 
 
Although the complement system has been well studied in vertebrates, this system is 
less understood in invertebrates. C3, Factor B, and complement receptors are present 
cnidarians (Dishaw et al., 2005; Fujito et al., 2010; Gorbushin, 2018; Kimura et al., 
2009; Miller et al., 2007; Poole et al., 2016), spiralians (e.g. some mollusks, 
brachiopods) (Altincicek and Vilcinskas, 2007; Castillo et al., 2009; Gerdol et al., 2018; 
Gerdol and Venier, 2015; Gorbushin, 2018; Prado-Alvarez et al., 2009; Wang et al., 
2017, 2019), some arthropods (Adams, 2000; Ariki et al., 2008; Gorbushin, 2018; 
Palmer and Jiggins, 2015; Sekiguchi and Nonaka, 2015; Zhu et al., 2005), and 
deuterostomes (Al-Sharif et al., 1998; Azumi et al., 2003; Gross et al., 1999; He et al., 
2008; Hibino et al., 2006; Marino et al., 2002; Nair et al., 2005; Nonaka et al., 1999; 
Raftos et al., 2002; Smith et al., 1998, 2006; Suzuki et al., 2002) (Figure 1.3C). 
However, these proteins were not identified in placozoans (Kamm et al., 2019), 
poriferans (Srivastava et al., 2010), and nematodes (The C.elegans Sequencing 
Consortium, 1998). C3, Factor B, and complement receptors constitute the proto-
complement, which is the minimum set of proteins needed to have a functional 
complement system that leads to the opsonization and phagocytosis of pathogens 
(Cerenius et al., 2010; Gorbushin, 2018). The presence of a proto-complement in 
cnidarians suggests that this system was originated during early metazoan evolution 
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(Cerenius et al., 2010). In vertebrates, the complement system is formed by 
approximately 30 genes (Volanakis, 1998). However, many of them emerged by gene 
duplications during vertebrate evolution. This is the case, for instance, the vertebrate 
C3, C4, and C5 are the result of duplications of an ancestral C3-like gene during early 
vertebrate evolution, and they are orthologous to the C3 genes present in invertebrates 
(Nonaka, 2011; Nonaka et al., 1998; Nonaka and Kimura, 2006). Similarly, the 
vertebrate gene codifying for Factor B – Complement factor B (cfb) – and C2 emerged 
during early vertebrate evolution, being orthologous to the invertebrate cfb (Nonaka et 
al., 1998; Nonaka and Kimura, 2006). Moreover, some invertebrates have Factor C or 
Factor L proteins, which are homologous to Factor B (Gorbushin, 2018). Moreover, 
although C6-like proteins are present in tunicates and amphioxus, membrane attack-
complex (C6-C9) proteins are absent in invertebrates (Azumi et al., 2003; Dodds and 
Matsushita, 2007; Nonaka and Kimura, 2006; Suzuki et al., 2002). However, MACPF 
domain-containing proteins with unknown functions or involved in other processes than 
complement have been found in other invertebrates (Gorbushin, 2016; He et al., 2011; 
Mah et al., 2004; Martin et al., 1994; Miller et al., 2007).  
Knowledge about how the complement is activated in invertebrates is also scarce. 
MBL, ficolins, C1q, and the serine proteases C1r, C1s, and MASPs have been 
identified in invertebrate deuterostomes (Figure 1.3C) (Azumi et al., 2003; Gorbushin, 
2019; Hibino et al., 2006; Huang and Xu, 2015; Ji et al., 1997; Nonaka and Kimura, 
2006; Sekine et al., 2001). Furthermore, although spiralians lack orthologs to the 
vertebrate MBL and ficolins, C-type lectins (C-lectins) and Fibrinogen-related domain-
containing proteins (FreD-C) being composed of coiled coil regions instead of collagen 
domains, named CTLDC2 and FreDC2 respectively, have been identified (Gerdol et 
al., 2018; Gerdol and Venier, 2015; Gorbushin, 2019; Skazina and Gorbushin, 2016). 
Since, similarly to collagen domains, coiled coil domains are domains by which proteins 
can associate and multimerize (Kammerer, 1997), it has been suggested that these 
proteins could multimerize and form proteins with analogous functions to the vertebrate 
MBL and ficolins (Gerdol et al., 2018; Gerdol and Venier, 2015; Gorbushin, 2019; 
Skazina and Gorbushin, 2016). Furthermore, although MASP proteins are not present 
in spiralians, MASP-related Molecules (MreM) have been detected in mollusks and 
arthropods (Gorbushin, 2019). The presence of lectins that could form multimer 
proteins and MreM in invertebrates has led to some authors to hypothesize that the 
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lectin pathway could be present in invertebrates. Additionally, as C1q is mainly 
activated by antigen-antibody complexes and antibodies are exclusive from 
vertebrates, it is considered that the classical pathway was originated during the 
vertebrate lineage evolution (Fujita et al., 2004a; Nonaka and Kimura, 2006).  
However, C1q proteins consisting of a collagen domain and a C1q globular domain 
(C1qL) are not only present in vertebrates but have also been found in spiralians 
(Gorbushin, 2019). However, C1r and C1s, which are homologs to MASP, emerged 
during early vertebrate evolution (Nonaka and Kimura, 2006).  
1.4 ANIMALS OF STUDY 
1.4.1 THE NEMERTEAN LINEUS RUBER (MÜLLER, 1774) 
Nemerteans are unsegmented, marine, free-living worms that generally inhabit in 
intertidal zones under rocks or buried in sand or mud (Gibson, 1972; Turbeville, 1991). 
These animals are characterized by having an eversible proboscis, which they use to 
haunt preys (Gibson, 1972; Turbeville, 1991). The proboscis is enclosed in the 
rhynchocoel, a coelomic cavity full of liquid that is extended from the anterior to the 
posterior part of the animal (Gibson, 1972; Turbeville, 1991).  
Nemerteans are spiralians that belong to the trochozoan clade, together with mollusks, 
annelids, brachiopods, and phoronids, being the relationships among these groups not 
resolved (Figure 1.4A) (Dunn et al., 2014, 2008; Edgecombe et al., 2011; Laumer et 
al., 2019; Struck and Fisse, 2008). However, a recent study (Marlétaz et al., 2019), 
recovers an older hypothesis that positions nemerteans as the sister group of 
platyhelminthes within spiralians (Figure 1.4B). Nemerteans are classified into three 
major taxa: Paleonemerteans, pilidiophorans, and hoplonemerteans (Alfaya et al., 
2019; Andrade et al., 2014). Within nemerteans, Lineus ruber belongs to the 
Pilidiophora lineage (Gibson, 1972; Krämer et al., 2016). Although Lineus ruber was 
described as a single species by Müller (Müller, 1774), due to their identical 
morphology with other species (e.g. Lineus viridis, Lineus clandestinus), these species 
have often been grouped forming a species complex (Gibson, 1995; Punnet, 1901), 
often receiving other species names (e.g. Lineus gesserensis, Fasciola viridis) 
(Gibson, 1995; Punnet, 1901). Morphological, developmental, and molecular analyses 
over the last century have enabled the classification of these species as single species 
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(Cherneva et al., 2019; Gibson, 1995; Gontcharoff, 1959; Krämer et al., 2016; Rogers 
et al., 1995).  
Figure 1.4. Phylogenetic position of Nemertea and Brachiopoda within Spiralia. A) Phylogeny 
according to (Dunn et al., 2014): Nemerteans and brachiopods belong to the trochozoan group within 
spiralians. B) Phylogeny according to (Marlétaz et al., 2019). Nemerteans are the sister group to 
platyhelminthes; while brachiopods are the sister group to phoronids and bryozoans. In red, it is 
indicated the position of Nemertea and Brachiopoda in the tree. 
 
Lineus ruber are red-brownish worms which adult size vary from 3 to 7 cm long (Figure 
1.5A), which inhabit underneath the rocks in intertidal zones of the North Atlantic 
Ocean and artic seas (Cantell, 1975; Gibson, 1995, 1972; Punnet, 1901). Lineus ruber 
epidermis is covered by cilia, and glandular cells are present ubiquitously in the skin 
(Cantell, 1975; Punnet, 1901; Turbeville, 1991). The body wall is formed by two layers 
of longitudinal musculature and a layer of circular musculature (Cantell, 1975; Punnet, 
1901). The mouth is located ventrally, in the anterior part of the trunk, opening to the 
gut, which occupies the majority of the trunk (Ling and Willivier, 1973; Punnet, 1901). 
The proboscis opening is located in the anterior tip of the animal (Ling, 1971; Punnet, 
1901). The gonads are located laterally from the mid-trunk to the posterior end of the 
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animal (Punnet, 1901). The nervous system is composed of the brain, two ventrolateral 
and a dorsal nerve cords (Beckers, 2014; Martín-Durán et al., 2018; Punnet, 1901; 
Schmidt-Rhaesa, 2007; Turbeville, 1991). Posteriorly, the brain is in contact with the 
cephalic organs, which are involved in neuroendocrine functions (Beckers, 2014; Ling, 
1970, 1969; Punnet, 1901). Furthermore, cephalic nerves also emerge from the brain 
and innervate the frontal organ and the eyes, located in the anterior area of the head 
(Beckers, 2014; Punnet, 1901).  Like all nemerteans, Lineus ruber possesses a 
coelomic closed circulatory system (Gibson, 1972; Schmidt-Rhaesa, 2007) formed by 
a system of interconnected blood vessels and lacunae (Punnet, 1901). In the head, 
the cephalic lacuna surrounds laterally the proboscis, forming a loop in the most 
anterior part of the animal (Cantell, 1975; Punnet, 1901). At the level of the brain, the 
cephalic lacuna divides into a dorsal blood vessel and two lateral blood vessels 
(Cantell, 1975; Punnet, 1901). The two lateral blood vessels run posteriorly, in parallel 
to the nerve cords until the posterior tip of the animal, where they fuse with the dorsal 
blood vessel (Punnet, 1901). Furthermore, perpendicular blood vessels connect the 
two lateral blood vessels in the posterior area of the animal (Punnet, 1901).  
 
  
Figure 1.5. Anatomy and development of the nemertean Lineus ruber. A. Adult Lineus ruber alive 
specimen. B. Scheme of the anatomy of Lineus ruber adult. The red line marks the level of the cross-
section in panel C. C. Cross-section at the level of the mid-posterior trunk (red-dashed line in B). D. 
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Development of Lineus ruber. The grey area in the Schmidt larvae and the early juvenile represents the 
yolk Image references: A from (Martín-Durán et al., 2015); B and C adapted from (Punnet, 1901); D 
adapted from (Martín-Durán et al., 2015). Dao: days after oviposition. 
 
Lineus ruber are dioecious animals that reproduce once per year, during spring 
(Gibson, 1972; Martín-Durán et al., 2015; Punnet, 1901). During oviposition, the female 
releases the eggs inside of a gelatinous cocoon, where the embryos develop, reaching 
the larval stage on the 12th day after oviposition (dao) (Martín-Durán et al., 2015). 
Lineus ruber larva is an intracapsular larva called Schmidt’s larva (Gibson, 1972; 
Martín-Durán et al., 2015; Schmidt, 1964). A gradual metamorphosis, in which only the 
larval epidermis is discarded, occurs at 18-20 days after oviposition (Figure 1.5D) 
(Martín-Durán et al., 2015). The early juvenile Lineus ruber is formed 20 days after 
oviposition (dao) and it already has worm shape (Figure 1.5D). Shortly after 
metamorphosis, the brain, proboscis, the eyes, the mouth, and the gut are formed, and 
Lineus ruber juveniles already have the adult anatomy by 25 dao (Martín-Durán et al., 
2015). Soon after, the juveniles break the cocoon and escape from it. 
COLLECTION OF LINEUS RUBER IN BERGEN (NORWAY) AND CULTURE IN THE LABORATORY  
Adult animals are collected yearly, normally between January and March, by the 
members of Dr. Andreas Hejnol lab in a rocky beach in Fana, Bergen, Norway 
(coordinates: 60°15'06.6"N 5°19'15.4"E) during low tide. The animals are kept in a tank 
with constant air supply in the animal facility with 2 liters of seawater at 8°C and salinity 
33. Animals were fed once per week with mussels and the water was changed once 
per week. Between March and April, the adults spawn and the cocoons are collected 
and placed in Petri dishes. Salinity and temperature for the animals in development 
are the same as for the adults, but they were never fed.  
1.4.2 THE BRACHIOPOD TEREBRATALIA TRANSVERSA (SOWERBY, 1846)   
Brachiopods are filter-feeding organisms that live in benthic ecosystems. Adult 
organisms have a dorsal and a ventral shell, which attaches to rocks by the ventral 
side or by a pedicle (Figure 1.6) (Santagata, 2015). Inside the shell, their body consists 
of a lophophore used for filtering food particles, a gut, and a mantle epithelia with 
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gonads distributed in the internal walls of the shell (Kuzmina and Malakhov, 2007; 
Santagata, 2015). 
Like nemerteans, brachiopods are considered to be spiralians that belong to the 
trochozoan clade and are the sister group to phoronids (Figure 1.4A) (Dunn et al., 
2014, 2008; Edgecombe et al., 2011; Laumer et al., 2019; Struck and Fisse, 2008). 
However, other studies also suggest that brachiopods are the sister group to a clade 
formed by phoronids and bryozoans (Figure 1.4B) (Marlétaz et al., 2019; Nesnidal et 
al., 2013). Furthermore, brachiopods are divided into three lineages: the 
rhynchonelliforms, the linguliforms, and the craniiforms, belonging Terebratalia 
transversa to the rhynchonelliform lineage (Williams et al., 1996).  
 
Figure 1.6. Development of 
the Brachiopod 
Terebratalia transversa. 
Developmental time points 
and adult Terebratalia 
transversa images were 
obtained from Schiemann et 
al., 2017; while the SEM 
image of the larvae was 
obtained from Thiel et al., 
2017. Abbreviations: hpf: 
hours post-fertilization. 
 
Terebratalia transversa reproduces during winter. Soon after fertilization occurs, a 
ciliated blastula is formed, which develops into a gastrula by 26 hours post-fertilization 
(hpf) (Figure 1.6) (Freeman, 1993a; Schiemann et al., 2017). In the late gastrula, the 
embryo elongates and constrictions divide it into different regions, establishing the 
zones that will later develop into the different lobes of the larva, named the apical lobe, 
the mantle lobe, and the pedicle lobe (Freeman, 1993a). At 82 hpf, a non-feeding larva 
is formed, containing a transient apical tuft and eye-spots in the apical lobe (Freeman, 
1993b). In this early larva, the apical lobe is The mantle lobe and the pedicle lobe are 
overlapping (Freeman, 1993a). In the late larva (Figure 1.6), the anterior lobe, the 
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mantle lobe, and the pedicle lobe are well delimited (Freeman, 1993a). In the mantle 
lobe, the larva has two pairs of chaetal sacs, from where chaeta are extended. The 
pedicle lobe is the area of the larvae by which the larvae attach to the substrate when 
it settles, prior to metamorphosis (Freeman, 1993b; Stricker and Reed, 1985a). During 
metamorphosis, the mantle lobe is inverted, covering partially first the pedicle lobe and 
then the anterior lobe, and secretes a substance that forms the shell (Freeman, 1993b; 
Stricker and Reed, 1985a, 1985b). Molecular studies examining gene expression 
during development have been conducted, assessing the expression of mesodermal 
genes, nervous system-related genes, Hox genes, and segmentation genes in this 
non-segmented brachiopod (Gasiorowski and Hejnol, 2019; Passamaneck et al., 2015; 
Santagata et al., 2012; Schiemann et al., 2017; Sinigaglia et al., 2018; Vellutini and 
Hejnol, 2016). 
COLLECTION OF TEREBRATALIA TRANSVERSA IN FRIDAY HARBOR (USA) AND CULTURE 
IN THE LABORATORY 
Terebratalia transversa adults were dredged from the rocks at the seafloor near Friday 
Harbor, USA, during the winter. The animals were spawned in the laboratory and 
embryos were kept in glass bowls with seawater at 10°C. The water was changed 
every day and cleaned from debris. Once they developed into larvae and were able to 
swim, the animals were transferred into beakers. 
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CHAPTER 2: AIMS OF THE STUDY 
The global aim of this thesis is to better understand the evolution of innate immune 
response in invertebrates. In order to accomplish this aim, first, I have investigated the 
evolution of TLRs in invertebrates (Paper I). Second, I have studied immune 
mechanisms present in vertebrates and/or arthropods, such as the Toll pathway, the 
Imd pathway, the complement system, and lectins in the nemertean Lineus ruber, 
which belongs to the spiralian protostome clade (Paper II). 
2.1 THE EVOLUTION OF THE METAZOAN TOLL RECEPTOR FAMILY AND ITS 
EXPRESSION DURING PROTOSTOME DEVELOPMENT (PAPER I) 
The main goal of this study is to reconstruct Toll receptor evolution in invertebrates. 
First, I performed genomic and transcriptomic surveys in under-represented metazoan 
species in order to gain an overview of in which metazoan lineages TLRs have been 
lost or have been duplicated. Next, I performed phylogenetic analyses in which TLRs 
from the four main metazoan clades (cnidarians, ecdysozoans, spiralians and 
deuterostomes) were included. Moreover, in order to investigate the expression of 
TLRs during ontogeny, Dr. Tsai-Ming Lu performed stage-specific transcriptome 
analyses on the ecdysozoans Priapulus caudatus and Hypsibius exemplaris and the 
spiralians Crassostrea gigas and Terebratalia transversa. In addition, to fulfill this aim, 
I also performed whole mount in situ hybridization at different developmental stages of 
Terebratalia transversa.  
2.2 THE TOLL PATHWAY, THE COMPLEMENT SYSTEM AND LECTINS ARE LIKELY 
INVOLVED IN IMMUNITY IN THE NEMERTEAN LINEUS RUBER (PAPER II) 
The objective of this study was to investigate pathways present in arthropods and/or 
vertebrates in the nemertean Lineus ruber. Thus, I surveyed for components of the Toll 
pathway, the Imd pathway, the complement system and lectins in the transcriptome of 
Lineus ruber. Furthermore, in order to investigate in which tissues are these genes 
expressed, I performed whole mount in situ hybridization of the components retrieved 
in the transcriptome survey. Moreover, in order to gain insights on the function of these 
pathways and systems, I performed an immune challenge assay, exposing Lineus 
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ruber specimens to gram-negative bacteria and evaluating the changes in expression 
of genes involved in the aforementioned pathways and systems.  
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CHAPTER 3: MATERIAL AND METHODS 
Material and methods for Papers I and II are described in each paper. In this chapter, 
I will provide a more thorough description of the material and methods for each paper 
and for the additional results. Following sections indicate the method and the papers 
in which the method is applied. 
3.1 ANIMAL FIXATION (PAPERS I AND II) 
Terebratalia transversa embryos and larvae were fixed at various developmental 
stages, whereas Lineus ruber juveniles were fixed at 60 days after oviposition. The 
animals were fixed with 4% paraformaldehyde in phosphate buffer saline 0.1% Tween-
20 (PTw) for 1h at room temperature. Afterwards, the samples were washed in PTw 
and stored in 100% methanol. Terebratalia transversa samples were fixed by members 
at that time of the Dr. Andreas Hejnol group (Andreas Hejnol, Daniel Thiel, Petra 
Kovacikova, and Ferenc Kagan). I performed the fixations on Lineus ruber specimens. 
3.2 GENOMIC AND TRANSCRIPTOMIC SURVEYS (PAPERS I AND II) 
20 genomes (Xenoturbella profunda, Hofstenia miamia, Praesagittifera naikaiensis, 
Isodiametra pulchra, Meara stichopi, Helobdella robusta, Crassostrea gigas, Octopus 
bimaculoides, Biomphalaria glabrata, Lingula anatina, Notospermus geniculatus, 
Phoronis australis, Macrostomum lignano , Echinococcus multilocularis, Hymenolepis 
microstoma, Hypsibius exemplaris, Ramazzottius varieornatus, Loa loa, Onchocerca 
volvulus, and Daphnia pulex) and 25 transcriptomes (Convolutriloba macropyga, 
Membranipora membranacea, Bugula neritina, Symbion pandora, Galathowenia 
oculata, Eisenia fetida, Terebratalia transversa, Hemithris psittacea, Limnogathia 
maerski, Lepidodermella squamata, Macrodasys sp, Megadasys sp, Diuronotus 
aspetos, Mesodasys laticaudatus, Lineus longissimus, Lineus ruber, Phoronopsis 
harmeri, Epiphanes senta, Rotaria tardigrada, Echinorhynchus gadi, 
Macracanthorhynchus hirudinaceus, Priapulus caudatus, Halicryptus spinulosus, 
Peripatopsis capensis, and Armorloricus elegans) were surveyed for Toll receptors in 
Paper I. For Paper II, the transcriptome of Lineus ruber was surveyed for immune 
genes belonging to the Toll pathway (spätzle, myD88, iraks, and dorsal/NFB), the Imd 
pathway (PGRPs, imd, fadd, dredd, and relish/NFB), to the complement system (C3, 
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Factor B, CRs, C6, C7, C8, C9, C1q, C1s, C1r, MASP, MReM) and lectins (C-lectins 
and FreD-Cs). Furthermore, the genome of Nothospermus geniculatus was also 
surveyed for PGRP proteins. 
Hmmer profiles were generated for domains of the proteins mentioned above using 
HMMER software version 3.2.1 (www.hmmer.org) from alignments downloaded from 
the pfam website (http://pfam.xfam.org/) or from protein sequences collected from 
NCBI database (www.ncbi.nlm.nih.gov). Next, the hmmer profiles were blasted against 
the genomes and transcriptomes, obtaining a database of proteins presumably 
containing those domains. These sequences were validated by BLAST (Altschul, 
1997) (www.blast.ncbi.nlm.nih.gov). Domain architecture of proteins surveyed in Paper 
I was analyzed with the online software SMART (Letunic et al., 2015; Schultz et al., 
1998) (http://smart.embl.de/) and LRRfinder (Offord and Werling, 2013) 
(http://www.lrrfinder.com). Domain architecture of proteins surveyed in Paper II was 
analyzed with the online software SMART (Letunic et al., 2015; Schultz et al., 1998) 
(http://smart.embl.de/), hmmer (Finn et al., 2015) (http://hmmer.org/) , and NCBI 
Conserved Domains (Lu et al., 2020) 
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Both for Paper I and Paper II, 
sequence identity was calculated using the online software Clustal Omega (Sievers et 
al., 2011) (https://www.ebi.ac.uk/Tools/msa/clustalo/). Moreover, in Paper I, TLR 
classification into P-type/mcc or V-type/scc was performed according to the criteria in 
Brennan and Gilmore, 2018 (Brennan and Gilmore, 2018). 
3.3 PHYLOGENETIC ANALYSES (PAPERS I AND II) 
For each analysis, protein sequences obtained from the transcriptome and genome 
surveys, from the literature, and NCBI database (www.ncbi.nlm.nih.gov) were aligned 
using MAFFT software version 7, applying the L-INS-I algorithm (Katoh and Standley, 
2013). Next, the alignments were trimmed manually and using TrimAl software version 
1.2 (Capella-Gutierrez et al., 2009). Maximum-likelihood phylogenetic analyses were 
conducted with IQ-TREE software (Nguyen et al., 2015) in the CIPRES Science 
Gateway (Miller et al., 2010) (http://www.phylo.org). In Paper I, the LG+R8 model was 
selected as the best-fit model according to Bayesian Information Criterion (BIC). In 
Paper II, the LG+F+I+G4 model was selected for the phylogenetic analysis of DEATH 
domains; the VT+I+G4 model for the phylogenetic analysis of NFB factors; the LG+R4 
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model for both, the phylogenetic analyses of proteins belonging to the TED family and 
Factor B, Factor C and Factor L proteins; and the LG+G4 model for the PGRP 
phylogenetic analyses. 
For all the analyses, bootstrap values were calculated running 1000 replicates using 
ultrafast bootstrap.  
3.4 STAGE SPECIFIC TRANSCRIPTOME ANALYSES (PAPER I) 
In Paper I, in order to study the expression of TLR genes during development, we 
examined already published stage specific transcriptomes from different 
developmental stages from the spiralians Crassostrea gigas and Terebratalia 
transversa, and the ecdysozoans Priapulus caudatus and Hypsibius exemplaris. Tsai-
Ming Lu, co-author of Paper I, performed the analyses. More details are specified in 
the Material and Methods section of the paper. 
3.5 GENE CLONING AND PROBE SYNTHESIS (PAPERS I AND II) 
Specific primers for each gene were designed with MacVector 10.6.0 software based 
on the sequences obtained from the surveys in transcriptomes. Fragments of each 
gene were amplified and inserted into pGEM-T Easy vectors (Promega, USA) and 
transformed in competent E. coli cells. Minipreps were prepared using 
NucleoSpin®Plasmid kit (Macherey-Nagel) and sequenced in the Sequencing facility 
of the University of Bergen. Next, RNA probes using digoxigenin-11-UTP (Roche, 
USA) were prepared with the MEGAscript™ kit (Invitrogen, Thermo Fisher).  
3.6 WHOLE MOUNT IN SITU HYBRIDIZATION (PAPERS I, PAPER II AND 
ADDITIONAL RESULTS) 
I performed whole mount in situ hybridization in Terebratalia transversa (Paper I) and 
Lineus ruber (Paper II) as described in (Gasiorowski and Hejnol, 2019; Martín-Durán 
et al., 2015; Schiemann et al., 2017). For Terebratalia transversa, proteinase K 
digestion was performed during 10 minutes, whereas Lineus ruber samples were 
digested for 15 minutes. In both cases, probes were hybridized at a concentration of 1 
ng/μl at 67°C during approximately 72h. Colorimetric in situ hybridization are shown in 
Paper I, Paper II and in the additional results. Colorimetric in situ hybridization probe 
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detection was performed with anti-digoxigenin-AP antibody (1:5000) and developed 
using NBT/BCIP. Next, samples were washed in 100% ethanol and rehydrated in 
ethanol descending-concentration steps (75%, 50%, 25%). Samples were mounted in 
70% ethanol and imaged using an Axiocam HRc camera connected to an Axioscope 
Ax10 (Zeiss, Oberkochen, Germany). Images were analyzed using Fiji and Adobe 
Photoshop CS6. Furthermore, some fluorescent in situ hybridization (FISH) are also 
shown in the additional results. FISH probes were detected with anti-digoxigenin-POD 
antibody (1:250) and developed incubating in TSA Plus Cy3/Cy5 Kit (Perkin Elmer, 
USA) during 1h 15min. The nuclei were labelled with 1:2000 Hoechst® 33342 or 
1:5000 Sytox Green. FISH samples were imaged using a Leica SP5 confocal laser-
scanning microscope (Leica, Wetzlar, Germany). Images were also analyzed using Fiji 
and Adobe Photoshop CS6. 
3.7 BACTERIAL CULTURE (PAPER II) 
Gram-negative bacteria Vibrio diazotrophicus were purchased from ATCC (catalog 
number: 33466). Bacterial stocks were kept in agar plates made with DifcoTM Marine 
Broth (Fisher Scientific) at 4°C and in 80% glycerol at -80°C. Prior use, the bacteria 
were resuspended and cultured in DifcoTM Marine Broth (Fisher Scientific) at 26°C 
overnight in constant shaking. 
3.8 IMMUNE CHALLENGE EXPERIMENTS IN LINEUS RUBER (PAPER II) 
The Lineus ruber specimens used in this experiment were collected specifically for this 
experiment by Aina Børve. The animals were acclimatized in the animal facility for two 
weeks in tanks with 2 liters of sea water with salinity 33 at 8°C.  
Before the immune challenging experiment, I tested different bacterial concentrations 
into which expose the animals in order to select the appropriate concentration, in which 
the bacteria would infect the animals but not be lethal. In order to do that, I exposed 4 
groups of animals (with 5 animals in each group) to different bacterial concentrations: 
106 bacteria/ml (group 1), 107 bacteria/ml (group 2), 108 bacteria/ml (group 3) and 
7.6x108 bacteria/ml (group 4). Bacterial cultures were prepared the previous night in 
DifcoTM Marine Broth (Fisher Scientific) at 26°C in constant shaking. The final 
concentration of these cultures was 7.6x108 bacteria/ml. In order to prepare the 
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concentrations for groups 1-3, I diluted the bacterial culture to each concentration with 
autoclaved sea water. Two more groups of animals were used as controls, exposing 
them to only autoclaved sea water (group 5) and only autoclaved marine broth (group 
6). Animals were monitored during 48h. All the animals in groups 1-3 and control 
groups survived the 48h and no major complications were observed. However, the 5 
animals in group 4 (bacterial concentration: 7.6x108 bacteria/ml) died after 
approximately 3h of exposure. Therefore, I decided to select 108 bacteria/ml as the 
bacterial concentration for the experiment. 
For the immune challenge experiment, I distributed 64 animals into 8 groups with 8 
animals per group. Prior to distribution into the different groups, all animals were injured 
with a sterile needle in order to facilitate the penetration of bacteria. Groups 1-4 were 
exposed to Vibrio diazotrophicus at a concentration of 108 bacteria/ml (immune 
challenged groups); while groups 5-8 were exposed to autoclaved sea water (control 
groups). Animals from one immune challenged group and one control group were 
snap-frozen at different timepoints (3h, 6h, 12h, and 24h) in liquid nitrogen and stored 
individually at -80°C. 
3.9 RNA EXTRACTION, DNA SYNTHESIS, QUANTITATIVE REAL-TIME PCR 
(QPCR) AND DATA ANALYSIS (PAPER II) 
I performed RNA extractions for each animal individually using TRI ReagentTM Solution 
(ThermoFisher Scientific) and 1-bromo-3-chloropropane (Sigma). cDNA was 
synthetized with the SuperScriptTM III First-Strand Synthesis System (Invitrogen) kit, 
adding 1 μg of RNA to the reaction. Specific primers for each gene were designed in 
MacVector 10.6.0 software and ordered to Sigma. Gene sequences for Lineus ruber 
TLRs were obtained from surveys performed in Paper I, whereas the sequences of the 
remaining genes were obtained from the surveys in Paper II. Lineus ruber Actin was 
selected as a control gene. The primer efficiency was tested and genes with primers 
with the best primer efficiency and melting curves with only one peak were selected as 
candidates. The master mix for each qPCR contained 1μl of cDNA, 2 μl of primers (10 
μM), 7 μl of sterile RNAse free water and 10 μl of mastermix Roche Diagnostics 
Lightcycler 480 Sybr Green I M (Fisher Scientific) and reactions were performed in 
Roche LightCycler 480 real-time PCR machine. 2 or 3 technical replicates and 2 or 3 
biological replicates were performed per gene and timepoint. For each technical and 
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biological replicates, both in infected and control animals, the gene of interest was 
normalized with the actin expression levels. Then, values of each gene of interest were 
compared between infected and control animals for each timepoint, and the fold 
expression was obtained applying the 2-ΔΔCT method (Livak and Schmittgen, 2001). I 
analyzed this data using the Light Cycler 480 SW 1.5.1, Microsoft Excel and 
StatPlus:mac LE v7 software.  
3.10 HISTOLOGY: EMBEDDING, SECTIONING AND HEMATOXILIN-EOSIN STAINING 
(ADDITIONAL RESULTS) 
I optimized the protocol for embedding Lineus ruber in paraffin and then, specimens 
were embedded in paraffin by the Molecular Imaging Facility (MIC) of the University of 
Bergen. In the laboratory facilities of Dr. Henrik Glenner, I performed horizontal cross-
sections of 7m thickness using a microtome Leica RM2255. The sections were 
transferred into poly-I-lysine coated slides (Thermo Scientific™ SuperFrost Plus™) 
and dried overnight at 37°C. Next, sections were deparaffinated by immersion into 
Neo-Clear Xylene substitute (Sigma Aldrich), descending ethanol series (100%, 96%, 
70%) and phosphate buffer saline (PBS). Hematoxilin-Eosin (H-E) staining was 
performed incubating the samples in hematoxylin (Sigma Aldrich) for 5 min and in eosin 
(Sigma Aldrich) for 30 seconds. Slides were washed with PBS after both stainings and 
mounted in 70% glycerol. Samples were imaged with an Axioscope Ax10 (Zeiss, 
Oberkochen, Germany). 
3.11 ILLUSTRATIONS 





CHAPTER 4: SUMMARY OF THE FINDINGS 
4.1 THE EVOLUTION OF THE METAZOAN TOLL RECEPTOR FAMILY AND ITS 
EXPRESSION DURING PROTOSTOME DEVELOPMENT (PAPER I). 
The aim of this paper was to reconstruct the phylogenetic relationships of Toll receptors 
(TLRs) from cnidarians, spiralians, ecdysozoans, and deuterostomes, in order to study 
the evolution of these receptors. With this objective, I surveyed for TLRs in the 
transcriptomes and genomes of 45 species. Then, including TLRs from other species 
already available in the existing literature, I performed a phylogenetic analysis and 
classified these TLRs into V(ertebrate)-type/scc and P(rotostome)-type/mcc, according 
to their structure. Moreover, with the aim of discriminate the dual role of these receptors 
in immunity and development, Dr. Tsai-Ming Lu and I performed stage-specific 
analyses in four protostome species: the ecdysozoans Priapulus caudatus and 
Hypsibius exemplaris, and the spiralians Crassostrea gigas and Terebratalia 
transversa. In order to validate these results and to gain knowledge of the function of 
TLRs, I analyzed the spatial and temporal expression of TLRs in Terebratalia 
transversa by whole mount in situ hybridization (WMISH). 
DISTRIBUTION OF TLRS IN THE METAZOAN SPECIES ANALYZED AND PHYLOGENETIC 
ANALYSIS 
The genomic and transcriptomic surveys conducted in xenacoelomorphs, spiralians, 
and ecdysozoans reveal that the number of TLRs is variable depending on the species  
(Table 1 and Figure 3; Paper I). TLRs are not present in xenacoelomorphs and some 
spiralians (e.g. Cycliophora, Platyhelminthes, Micrognathozoa, Gastrotricha), 
indicating that TLRs could have been lost in these lineages. Within spiralians, multiple 
TLRs are present in variable numbers in the species surveyed, which suggests 
episodes of gene expansions in these lineages. On the contrary, we found lower 
numbers of TLRs in ecdysozoans, detecting only one TLRs in each nematode, 
onychophoran and tardigrade species analyzed, and up to 4 in priapulids, 2 in 
loriciferans, and 5 in arthropods. Next, I did a phylogenetic analysis including TLRs 
from cnidarians, spiralians, ecdysozoans, and deuterostomes. The phylogenetic 
analysis shows that TLRs cluster in three well-supported clades (>60), named here 
clade α, clade β, and clade γ (Figure 4; Paper I). Clade α is present in cnidarians, 
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spiralians, and ecdysozoans; clade β in deuterostomes, spiralians, and three 
ecdysozoan species; and clade γ only in spiralians. Clade β and clade γ are sister 
clades and together form the sister clade to α. Performing two further phylogenetic 
analyses we investigated whether the two different insertions/deletions could explain 
the distribution of the TLRs in these three clades, however, this was not the case 
(Supplementary Figures 2 and 3; Paper I). Furthermore, V(ertebrate)-type/scc and 
P(rotostome)-type/mcc were found in the three clades, not being informative about 
which of the two types is the ancestral form (Figure 4; Paper I). 
TLRS ARE EXPRESSED DURING ONTOGENY IN THE FOUR PROTOSTOMES ANALYZED 
We performed stage specific-transcriptome analysis in the ecdysozoans Priapulus 
caudatus and Hypsibius exemplaris, and in the spiralians Crassostrea gigas and 
Terebratalia transversa (Figure 5; Paper I). Analyses of Hypsibius exemplaris stage-
specific transcriptomes show that the only TLRs present in this species (Hex-TLRα2) 
is expressed in time windows during ontogeny (Figure 5A; Paper I). The Priapulus 
caudatus Pca-TLRα1 and Pca-TLRα2 are expressed during the whole development, 
while Pca-TLRα3 is expressed only in the later stages analyzed (Figure 5B; Paper I). 
Next, we found that 11 (out of 12) TLRs were expressed during Crassostrea gigas 
development (Figure 5C; Paper I). 5 of these genes (Cgi-TLRα1, Cgi-TLRα4, Cgi-
TLRβ4, Cgi-TLRδ1, Cgi-TLRδ2) were expressed throughout development, while the 
other 6 (Cgi-TLRα2, Cgi-TLRα3, Cgi-TLRβ1, Cgi-TLRβ2, Cgi-TLRγ1, Cgi-TLRγ2) were 
expressed at specific developmental stages. Similarly, Terebratalia transversa stage-
specific transcriptome analyses show that 12 (out of 15) TLRs were expressed during 
this species ontogeny (Figure 5D; Paper I). Ttr-TLRα2, Ttr-TLRα5, Ttr-TLRβ1, Ttr-
TLRβ4, Ttr-TLRβ5, and Ttr-TLRδ are expressed in time windows, being all of them 
(except for Ttr-TLRβ) also expressed in the juvenile stages.  
Next, in order to validate the stage-specific transcriptome analyses in T. transversa, I 
performed whole mount in situ hybridization (WMISH) at specific developmental stages 
for the Terebratalia TLRs (early gastrula only for Ttr-TLRα4; and late gastrula, early 
larvae and, late larvae for all the genes). Results show that Ttr-TLRα2 is expressed in 
two pairs of lateral domains and the mesoderm (Figure 6B; Paper I). Ttr-TLRα4 is 
expressed in different tissues through development (Figure 6G,I,J; Paper I). During 
early gastrula and early larval stages, this gene is expressed in the mesoderm (Figure 
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6G,I; Paper I). However, besides in the mesoderm, at early larval stages, this gene is 
also expressed in the inner lobe epithelium (Figure 6I; Paper I). At late larvae, Ttr-
TLRα4 is expressed in the pedicle and the brain (Figure 6J; Paper I). Ttr-TLRα5 has a 
uniform salt and pepper expression pattern in the late gastrula and both larval stages 
analyzed (Figure 6K-M; Paper I). Ttr-TLRβ3 is expressed in the anterior part of the 
animal in the late gastrula stage. Finally, Ttr-TLRγ4 and Ttr-TLRδ expression was 
detected in the ectoderm in a salt and pepper distribution for all developmental stages 
analyzed. Expression by in situ hybridization was not detected in the remaining genes 
and developmental stages analyzed not mentioned here (Figure 6A,C-F,H,O,P; Paper 
I). Stage-specific transcriptome analyses and in situ hybridization results are in general 
consistent (Figure 6; Paper I). However, expression for Ttr-TLRβ3 in the late larvae 
was detected in the specific transcriptome analysis, but not in the in situ hybridization. 
Similarly, expression was not detected for Ttr-TLRγ4 in the early larvae stage-specific 
transcriptome analysis and for Ttr-TLRδ both in early and late larval stages, but in situ 
hybridization shows expression in the ectoderm. These differences between the results 
of stage-specific transcriptome analyses and in situ hybridization could be due to 
differences and variation of the developmental stages of the specimens used in both 
methods. 
4.2 THE TOLL PATHWAY, THE COMPLEMENT SYSTEM, AND LECTINS ARE LIKELY 
INVOLVED IN IMMUNITY IN THE NEMERTEAN LINEUS RUBER (PAPER II) 
The objective of this paper was to investigate the immune mechanisms present in the 
nemertean Lineus ruber. With this purpose, I surveyed the Lineus ruber transcriptome 
to identify genes belonging to the Toll pathway, the Imd pathway, the complement 
system, and lectins (FreD-Cs and C-lectins). Then, I analyzed the domain architecture 
of the proteins encoded by these genes (Figures 2, 3 and Supplementary figures 3 and 
4 – Paper II) and performed phylogenetic analyses (Figures 2 and 3 – Paper II). 
Furthermore, I analyzed the expression patterns of the genes obtained in the 
transcriptomic survey in Lineus ruber juveniles by whole mount in situ hybridization 
(WMISH) (Figure 4 – Paper II). Finally, I performed an immune challenge assay by 
infecting adult Lineus ruber and assessed the expression levels of immune genes 
compared with non-infected conditions (Figure 5 – Paper II). 
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IDENTIFICATION OF IMMUNE PROTEINS BELONGING TO THE TOLL PATHWAY, THE IMD 
PATHWAY, THE COMPLEMENT SYSTEM, AND LECTINS IN THE TRANSCRIPTOME OF LINEUS 
RUBER 
The surveys performed on the Lineus ruber transcriptome identified components 
belonging to the Toll pathway, the Imd pathway, the complement system, and lectins. 
From the Toll pathway, the adaptor myD88, an irak gene, and the transcription factor 
dorsal/diff/NFB-p65 were identified. Domain architecture and phylogenetic analyses 
of the proteins encoded by these genes (Figure 2 – Paper II) confirm that they are 
orthologs of the components of the Toll pathway in other metazoans, including 
Drosophila and Homo sapiens. I also identified key components of the Imd pathway 
(imd, fadd, dredd, and relish/NFB-p105/100). Domain architecture and phylogenetic 
analyses of their corresponding proteins confirmed their identity (Figure 2 – Paper II). 
Although 2 PGRPs were found in the Lineus ruber transcriptome, they could not be 
identified as receptors of this pathway. Additionally, surveys in the Notospermus 
geniculatus genome show that this nemertean has 8 PGRP genes, but they could not 
be identified as receptors of this pathway (Supplementary Figure 2 – Paper II). 
Regarding the complement system, I found 2 C3 genes, 4 Cfb genes, and up to 26 
putative genes encoding for complement receptors in the Lineus ruber transcriptome. 
Domain architecture and phylogenetic analyses of the proteins encoded by these 
genes confirmed the identity of the Lineus ruber C3 and Factor B proteins as orthologs 
of the C3 and Factor B proteins present in other species, respectively (Figure 3 – Paper 
II). Furthermore, domain architecture analyses reveal that among the 26 putative 
complement receptors, there are proteins containing similar domain organization to all 
the vertebrate complement receptor types (CR1, CR2, CR3, CR4, and CRIg) (Figure 
3 and Supplementary Figure 3 – Paper II). Furthermore, I did not detect any orthologs 
for the vertebrates C6/C7/C8/C9, C1s/C1r/MASP, MASP-related molecules (MReM), 
and Complement factor C (Cfc) in the transcriptome surveys. Additionally, I also 
searched for genes encoding for FreD-Cs, C-lectins, and C1q proteins in order to 
identify putative activators from the complement system. The survey results reveal the 
presence of 4 genes encoding for FreD-C proteins containing coiled coil domains and 
3 genes encoding for C1q proteins containing collagen domains (Supplementary 
Figure 4 – Paper II). Both coiled coil motifs and collagen domains allow protein 
multimerization and, therefore, these proteins could be suitable for complement system 
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activation. C-lectins and the remaining FreD-Cs did not contain a domain architecture 
suitable for complement activation, but they have similar domain composition to C-
lectins, FreD-Cs, and C1qs found in other metazoans. 
EXPRESSION OF IMMUNE GENES IN VARIOUS TISSUES IN LINEUS RUBER WAS DETECTED BY 
WHOLE MOUNT IN SITU HYBRIDIZATION (WMISH) 
Next, in order to study the expression pattern of the genes detected in the 
transcriptome survey, I performed whole mount in situ hybridization (WMISH) in Lineus 
ruber juveniles. fred-c1 is expressed in the ventrolateral nerve cords, the brain, and 
the cephalic nerves (Figure 4B – Paper II); whereas expression of fred-c5 is detected 
in the blood (Figure 4C – Paper II). c-lectin2 and c-lectin3 are expressed only in the 
head, being c-lectin2 detected in nervous structures (Figure 4D – Paper II) and c-
lectin3 in the proboscis area (Figure 4E – Paper II). c-lectin5 is expressed in a small 
area of the brain and the cephalic nerves (Figure 4F – Paper II); while c-lectin9 
expression was detected in a more restricted area of the brain and the frontal sensory 
organ (Figure 4G – Paper II). c-lectin10 is expressed in the ventrolateral nerve cords, 
the brain, and the eyes (Figure 4H – Paper II); and c-lectin11 in the gut (Figure 4I – 
Paper II). C1q-1 was found to be expressed in the ventrolateral nerve cords, the brain, 
and the frontal sensory organ (Figure 4J – Paper II).  
Furthermore, I also performed WMISH for genes belonging to the Toll pathway (TLR1-
6, myD88, and dorsal/NFB-p65), the Imd-like pathway (imd and relish/NFB-
p105/100), for C1q-2, and other FreD-Cs and C-lectins (fred-c2, fred-c3, fred-c4, fred-
c6, and fred-c7, c-lectin1, c-lectin4, c-lectin5, c-lectin6, and c-lectin7). However, no 
signal was detected for these genes.  
IMMUNE GENES ARE UPREGULATED IN LINEUS RUBER AFTER EXPOSURE TO GRAM-
NEGATIVE BACTERIA 
In order to study the immune role of the Toll pathway, the Imd pathway, the 
complement system, and lectins in Lineus ruber, I exposed adult specimens to the 
gram-negative bacteria Vibrio diazotrophicus and performed qPCRs to assess the 
expression levels of TLRα3, TLRα4, TLRβ1, TLRβ2, imd, fred-c5, C3-1, and c-lectin2. 
Expression of these genes was analyzed at 3h, 6h, 12h, and 24h, in control and 
infected animals. I used actin as a reference gene. 
 47 
Expression of TLRα3 at 3h and 6h of infection does not differ significantly from the 
control animals (Figure 5A – Paper II). However, at 12h, the expression of this gene is 
upregulated in infected animals, reaching 4.9-fold levels. At 24h, although TLRα3 is 
still upregulated, expression levels have descended to 2.55-fold. At 3h, 6h, and 24h of 
infection TLRα4 expression does not vary compared to the controls, whereas at 12h it 
is downregulated. TLRβ1 expression is similar to the control animals at 3h. However, 
by 6h of infection, this gene is significantly upregulated with expression levels at 1.89-
fold, reaching the 2.2-fold by 24h of infection. At 3h, TLRβ2 expression levels are 
similar in infected and control animals. This gene is upregulated at 6h and 12h of 
infection, being at expression levels of 1.56-fold and 1.89-fold, respectively. However, 
at 24h of infection, this gene is significantly downregulated compared to the controls. 
imd is not significantly upregulated or downregulated at any studied timepoint. C3-1 
expression levels are similar in control and infected animals at 3h and 6h. By 12h, this 
gene is significantly downregulated but its expression increases at 24h, when 
expression of 1.7-fold was detected. The lectin fred-c5 was detected to be 
downregulated at 3h of infection. However, expression levels increase to reach 1.56-
fold at 12h of infection, although the levels of expression at 24h were similar to the 
controls. Finally, c-lectin2 was expressed similarly at 3h and 6h in infected and control 
animals, but expression increased to reach expression levels of 1.55-fold by 12h. At 
24h the expression of this gene decreases to similar levels to the control animals.  
Analysis of the gene expression by timepoints (Figure 5B – Paper II) reveals that by 
3h of infection, none of the genes studied is upregulated and only fred-c5 is 
downregulated compared to the controls. At 6h, the Toll receptors TLRβ1 and TLRβ2 
are the only genes to be upregulated, being the remaining genes at similar expression 
levels to the control animals. By 12h of infection, the majority of the gene expression 
levels are affected by the infection: the Toll receptors TLRα3 and TLRβ2, and the 
lectins fred-c5 and c-lectin2 are upregulated; whereas TLRα4 and C3-1 are 
downregulated. The expression levels of TLRβ1 and imd did not significantly vary 
compared to the controls. At 24h of infection, TLRα3, TLRβ1, and C3-1 are 
upregulated, being TLRβ2 downregulated. 
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4.3 ADDITIONAL RESULTS 
Additionally, in order to investigate whether 60 days after oviposition (dao) Lineus ruber 
juveniles already developed the morphology of the adults, I did cross-sections of the 
Lineus ruber juveniles and performed hematoxylin-eosin stainings. Furthermore, in 
order to study hematopoiesis and localize the hematopoietic tissue in this species, I 
performed in situ hybridization in Lineus ruber juveniles for genes involved in this 
process. However, as common areas of expression where hematopoiesis could occur 
were not detected, the hematopoietic tissue in this species could not be found.  
HISTOLOGY IN LINEUS RUBER JUVENILES SHOWS IDENTICAL MORPHOLOGY WHEN 
COMPARED TO THE ADULTS, EXCEPT FOR THE GONADS  
As the in situ hybridization were performed on 60 dao juveniles Lineus ruber, I wanted 
to compare the morphology of the individuals at this stage with the morphology of adult 
Lineus ruber specimens. Thus, I performed cross-sections along the antero-posterior 
axis of the animal in order to assess whether the organs present in the adult Lineus 
ruber are already formed in the 60 dao juveniles or not (Figure 4.1). The histological 
sections show that at this stage, the brain is already formed, being the dorsal and 
ventral lobes already distinguishable (Figure 4.1B). The proboscis and the 
rhynchocoelum are also formed and, dorsal to them, the ventral blood lacuna is also 
observed. Moreover, the histological sections also show the cephalic organs, which 
are surrounded by blood vessels and closely located to the lateral nerve cords (Figure 
4.1C). Cross-sections from the mid-trunk of the animal also show the two ventral nerve 
cords, located laterally to the gut (Figure 4.1D). In the mid-trunk sections, the lateral 
blood vessels are also normally observed. However, in some sections, they could not 
be identified, probably because they collapsed during tissue manipulation. 
Furthermore, the dorsal blood vessel is found between the rhynchocoelum and the gut 
(Figure 4.1C). The dorsal nerve cord, perpendicular blood vessels, and gonads were 
not identified in any of the sections analyzed. However, in a previous study, the dorsal 
nerve cord was shown to be present in Lineus ruber early juveniles (Martín-Durán et 
al., 2018). Furthermore, although they were not detected in the sections, we cannot 
discard the presence of perpendicular blood vessels at this stage, as it is plausible that 
they collapsed during tissue manipulation, as often happened with the lateral blood 
vessels. Thus, the morphology of the late juvenile is similar to the morphology in adults 
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(Figure 4.1E) (Beckers, 2014; Punnet, 1901), as all the organs and systems from the 
adult are already present in the juvenile, except for the gonads.  
Figure 4.1. Morphology of the 60 days Lineus ruber juvenile. A. Diagram of a juvenile Lineus ruber 
showing the level of the cross-sections on B-D panels. B-D. Hematoxylin-Eosin staining of cross-
sections at different points across the anterior-posterior axis. E. Diagram of an adult Lineus ruber. Dorsal 
is to the top. All scale bars indicate 100um. Diagrams are not at scale. bl: blood lacunae; br: brain, co: 
cephalic organs; cs: cephalic slits; dbv: dorsal blood vessel; lbv: lateral blood vessel; go: gonads; m: 
mouth; pb: proboscis; rc: rhynchocoelum; tbv: transversal blood vessel; vbl: ventral blood lacunae; vlnc: 
ventrolateral nerve cord. Schemes are not at scale. Panel E is adapted from Punnet, 1901. 
HEMATOPOIETIC GENES ARE EXPRESSED IN OTHER TISSUES THAN BLOOD IN LINEUS 
RUBER 
In order to study the expression pattern of hematopoietic candidate genes in Lineus 
ruber, I performed in situ hybridization on gata123, ebf, meis, vegfr, notch, gcm, and 
c/ebp. gata123 and ebf are expressed in the brain and the nerve cords (Figure 4.2A,B). 
meis is also expressed in the brain and the nerve cords, but, additionally, I also 
detected expression of this gene in the blood vessels and the cephalic organs (Figure 
4.2C-C’’). runx1 expression is localized in some cells within the epidermis, most likely 
in gland cells (Figure 4.2D). vegfr expression was detected surrounding the proboscis 
in the head and in the posterior trunk, where the dorsal blood vessel is located (Figure 
4.2E-E’). notch is expressed exclusively in the cephalic organ canals (Figure 4.2F-F’). 
gcm is expressed in the mid-posterior part of the head, in close proximity to the 
cephalic slits, including the surroundings of the cephalic organ canals (Figure 4.2G-
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G’). Furthermore, although it was not visible in the colorimetric in situ hybridization, 
gcm was also detected surrounding the proboscis in the area of the head, where the 
blood lacunae that surround this organ are located (Figure 2G’’). c/ebp is expressed in 
the brain, the lateral nerve cords, the cephalic nerve cords, and the apical organ 
(Figure 4.2J). Thus, many of the hematopoietic genes conserved in Drosophila and 
vertebrates, are expressed in other tissues than blood in Lineus ruber, being consistent 
with the role of these genes in other organs and systems (Alfonso and Jones, 2002; 
Cattenoz and Giangrande, 2016; Green and Vetter, 2011).  
Figure 4.2. Expression of hematopoietic candidate genes in Lineus ruber late juveniles. Red 
arrows indicate expression or possible expression in the blood vessels/lacunae; Yellow arrows indicate 
localized expression in the cephalic organs or the cephalic organ canals; yellow dashed line indicates a 
big area of expression in the cephalic organ. White arrows indicate background, normally due to probe 
trapping in the epithelial glands. Black scale bars indicate 250μm and white scale bars indicate 25μm, 
unless another value is specified. bl: blood lacunae; br: brain; co: cephalic organ; coc: cephalic organ 
canal; con: cephalic organ nerve g: gut; nc: nerve cord; pb: proboscis. 
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CHAPTER 5: DISCUSSION 
5.1 GENE EXPANSIONS AND LOSSES SHAPED INVERTEBRATE TOLL RECEPTOR 
EVOLUTION 
The evolution of many gene families is driven by gene expansions and losses (Aguilera 
et al., 2013; Bastin and Schneider, 2019; Fernández and Gabaldón, 2020; Martín-
Durán et al., 2013; Matus et al., 2007). According to my findings in Paper I, TLRs 
evolution has been shaped by multiple TLR losses and duplications in different 
metazoan lineages. In my research, surveys for TLRs in invertebrate genomes and 
transcriptomes and phylogenetic analyses integrating TLRs from species across the 
metazoan tree (Paper I) provide a comprehensive view of how TLRs have evolved in 
different metazoan lineages. There are few previous studies assessing phylogenetic 
relationships of TLRs within the main metazoan clades (Davidson et al., 2008; Luna et 
al., 2002; Luo and Zheng, 2000; Luo et al., 2018). These studies already provide some 
insights into TLRs evolution, for instance, Davidson et al., 2008 (Davidson et al., 2008) 
show that TLRs cluster in three clades, although the relationships between these 
clades are not resolved; and both Davidson et al., 2008 (Davidson et al., 2008) and 
Luo et al., 2018 (Luo et al., 2018) already show lineage specific expansions in some 
trochozoans. However, a TLR phylogenetic analysis, including a broader taxon 
sampling, was necessary to gain more insights on TLR evolution. Similar to Davidson 
et al., 2008 (Davidson et al., 2008), my phylogenetic analysis shows that TLR cluster 
in three different clades (α, β, and γ) (Paper I). TLRs from clade α are present in 
cnidarians, spiralians, and ecdysozoans, and they are more similar to the proto-TLR, 
the TLR present in the common planulozoan ancestor, than to the other clades. Clade 
β is present in spiralians, ecdysozoans and deuterostomes; whereas clade γ is 
excusive from trochozoan spiralians. In the following paragraphs, I will explain how 
evolution of TLRs has been shaped by gene duplications and losses.  
Due to the absence of TLRs in ctenophores (Traylor-Knowles et al., 2019), placozoans 
(Kamm et al., 2019) and poriferans (Gauthier et al., 2010; Wiens et al., 2006), previous 
studies have suggested that TLRs could have been originated in the lineage to 
planulozoans (cnidarians and bilaterians) by the fusion of an LRR-only and an TIR-
only genes (Leulier and Lemaitre, 2008; Liu et al., 2020; Nie et al., 2018). However, 
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this vision is challenged by the existence of TLRs in choanoflagellates, suggesting that 
this gene family was originated in the lineage to the choanoflagellate and metazoan 
common ancestor (Richter et al., 2018), unless metazoan and choanoflagellate TLRs 
would have been originated by convergent evolution. Independently whether metazoan 
Toll receptors were originated within the metazoan lineage or in the lineage to the 
common ancestor of choanoflagellates and metazoans, analyses in Paper I suggest 
that only one TLR (the proto-TLR) was present in the planulozoan common ancestor 
(Figure 5.1). This is supported by the fact that all cnidarian TLR sequences cluster 
together in the phylogenetic analysis (Paper I).  
During cnidarian lineage evolution, mutations in the proto-TLR gene originated the 
TLR-Cα, the ancestor gene to all cnidarian TLRs. TLR-Cα was duplicated in some 
anthozoan lineages, as multiple TLRs are present in some species of this lineage (e.g. 
Acropora digitifera has 4 TLRs (Poole and Weis, 2014)). However, this TLR also was 
lost in the hydrozoan lineage (e.g. Clytia and Hydra (Bosch et al., 2009; Leclère et al., 
2019)).  
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Figure 5.1. Evolution of TLR. 
White thick lines represent the 
phylogenetic relationships 
between the different 
taxonomic groups according to 
Dunn et al., 2014; while 
discontinuous lines show 
alternative phylogenetic 
scenarios suggested by Kapli 
et al., 2021. Thinner colored 
lines represent the evolution of 
TLRs: proto-TLR in dark 
brown; TLR-Cα and TLRs 
belonging to clade α in brown; 
TLR-Cβ/γ, TLR-Cβ and TLRs 
belonging to clade β in light 
grey, and TLR-Cγ and TLR 







After the split of cnidarians and bilaterians, the proto-TLR duplicated, giving raise to 
two genes that would be the ancestral genes for clade α and clades β and γ (TLR-Cα 
and TLR-Cβ/γ, respectively). The phylogenetic position of xenacoelomorphs and 
echinoderms is controversial, with some authors affirming that xenacoelomorphs are 
the sister group to all nephrozoans and echinoderms belong to the deuterostomes 
(Cannon et al., 2016; Dunn et al., 2014; Hejnol et al., 2009; Srivastava et al., 2014). 
However, other authors consider that xenacoelomorphs and ambulacrarians 
(echinoderms and hemichordates) constitute a clade on their own, named 
Xenambulacraria, which is nested within the bilateria/nephrozoa (Kapli et al., 2021). 
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Considering the first scenario, in which xenacoelomorphs would be the sister group to 
all nephrozoans, the most parsimonious explanation suggests that the proto-TLR 
duplication to generate TLR-Cα and TLR-Cβ/γ would probably have occurred after the 
split of the xenacoelomorph and nephrozoan lineages; and, afterwards, the proto-TLR 
would have been lost in the xenacoelomorph lineage (Figure 5.1). Considering the 
second scenario, the duplication of the proto-TLR gene to generate TLR-Cα and TLR-
Cβ/γ would have occurred before the emergence of the Xenambulacraria lineage. 
Therefore, TLR-Cα would have been lost during the early Ambulacraria lineage 
evolution, whereas TLR-Cβ/γ would have been lost in xenacoelomorphs and remained 
in echinoderms (Figure 5.1). 
Therefore, the nephrozoan common ancestor likely had two TLR, the TLR-Cα and 
TLR-Cβ/γ (Figure 5.1). However, after the split of protostomes and deuterostomes, 
TLR-Cα was lost in the deuterostome lineage, being TLR-Cβ/γ the only TLR present 
in deuterostomes, which gave rise to the diversity of TLRs present today in the extant 
deuterostome species. Multiple episodes of gene duplications have occurred in the 
echinoderm and cephalochordate lineages (Hibino et al., 2006; Ji et al., 2018; Tassia 
et al., 2017), as more than 200 TLRs are present in the sea urchin Strongylocentrotus 
purpuratus (Hibino et al., 2006) and 30 TLRs in Branchiostoma lanceolatum (Ji et al., 
2018). However, low numbers of TLRs are present in tunicates, being 2 TLRs present 
in Ciona intestinalis (Sasaki et al., 2009) and only 1 in Oikopleura dioica (Denoeud et 
al., 2010). 
Like the nephrozoan common ancestor, the protostome common ancestor also likely 
had two TLR, the TLR-Cα and TLR-Cβ/γ (Figure 5.1). In ecdysozoans, TLRs belonging 
to both α and β clades have only been conserved in some arthropods. For instance, 
Drosophila melanogaster has 8 TLRs belonging to clade α, while only Toll9 belongs to 
clade β; and Daphnia pulex has 4 TLRα and only one TLRβ (Figure 4 – Paper I). 
However, this is not the case for other arthropods such as Ixodes scapularis, for which 
all TLR belong to clade α. Similarly, TLR from clade β would have been presumably 
lost in priapulids, loriciferans, tardigrades and nematodes. This implies the loss of TLR-
Cβ/γ at least four times independently (one for the lineage to priapulids and loriciferans, 
another one for the lineage to tardigrades, another one for the lineage to nematodes, 
and another one within the arthropod lineage). Moreover, onychophorans seem to be 
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the only ecdysozoan group that has a TLR from clade β, while they lost the TLR from 
clade α. Moreover, TLRs in ecdysozoans are present in low and similar numbers 
between different species, suggesting that episodes of gene duplications have not 
been frequent in this lineage.  
Within spiralians, TLR evolution followed three different strategies: 1) Both TLR-Cα 
and TLR-Cβ/γ were lost in some spiralian clades (cycliophorans, gastrotrichs, 
platyhelminthes and micrognathozoans); 2) in rotifers TLR-Cα was lost, and only TLR-
Cβ/γ was conserved; and 3) both TLR-Cα and TLR-Cβ/γ were conserved (bryozoans 
and trochozoans). Additionally, TLR-Cβ/γ was duplicated in the lineage to trochozoans 
and, therefore, the last common ancestor of all trochozoans had three TLR, which were 
the ancestor genes of the trochozoan TLRs belonging to clades α, β, and γ. TLRs are 
present in highly variable numbers among trochozoans, which is explained by multiple 
gene duplications and losses in these lineages. Some of these duplications and losses 
have occurred recently, causing that species belonging to a same trochozoan clade 
have very different numbers of TLRs (e.g. the phoronid Phoronis australis has 24 
TLRs, while only 3 are present in Phoronis psammophila (Halanych and Kocot, 2014)).  
Furthermore, the analyses in Paper I indicate that TLRs belonging to clade γ are 
exclusive from trochozoans. All TLRs from deuterostomes, onychophorans and 
arthropods that emerged from TLR-Cβ/γ cluster with trochozoan clade β TLRs (Figure 
4 – Paper I). This is because the deuterostome, onychophoran and arthropod TLRβ 
sequences must be more similar to the trochozoan TLRs from clade β than to TLRs 
from clade γ; and trochozoan TLRs from clade β are more similar to the deuterostome, 
onychophoran and arthropod TLRβ sequences than to TLRs from clade γ. This could 
indicate that TLRs from clade γ were very fast evolving. 
But why gene gains and losses are frequent in some lineages (e.g. trochozoans) and 
less frequent in others (e.g. ecdysozoans)? These gains and losses are probably the 
consequence of multiple factors, such as adaptation to new environments, or to be 
related to pathogen abundancy, pathogen diversity, lifestyles (e.g. sessility vs motility), 
or even with the disponibility of other defense mechanisms. Therefore, adaptation to 
new environments or microbe-rich environments could have driven the evolution of 
TLRs towards expansion, as, for instance, oysters that live in microbe-rich 
environments have a large immune gene repertoire (Guo et al., 2015); whereas TLR 
 56 
expansion might not have occurred if other mechanisms to detect these pathogens 
were already present. Therefore, expansion of TLRs is possibly also correlated to 
functional diversification and generation of a broader assortment of immune resources. 
Moreover, the numerous TLR expansions in trochozoans but not in non-trochozoan 
spiralians and ecdysozoans suggests different immune strategies in trochozoans and 
in non-trochozoan spiralians and ecdysozoans, as the later need to have evolved also 
other mechanisms to defend themselves. Especifically in ecdysozoans, the presence 
of cuticles could already confer some protection against pathogens that it is not present 
in spiralians, which could be one of the possible explanations to the fact that the TLR 
complement in ecdysozoans seems to be less numerous than in trochozoans. 
5.2 TLRS ARE INVOLVED IN DEVELOPMENT AND IMMUNITY DURING ONTOGENY, 
BUT WHICH IS THE PUTATIVE ANCESTRAL FUNCTION OF THIS GENE FAMILY? 
As mentioned before, having a wide set of immune proteins is advantageous in order 
to adapt to new environments or to microbe-rich environments. This is important for 
adult organisms, but it is also very relevant for embryos and larvae, as pathogens also 
can cause their death or abnormalities in their development (Balbi et al., 2019; 
Benkendorff et al., 2001; Deris et al., 2020). Therefore, immune strategies are already 
present in early embryonic stages (Balbi et al., 2019; Benkendorff et al., 2001; 
Hamdoun and Epel, 2007; Jacobs et al., 2014; Tirapé et al., 2007). Besides being 
involved in metazoan innate immunity in adults, TLRs also play a role in immunity 
during ontogeny. For instance, TLRs have been shown to participate in embryonic 
and/or larval immunity in arthropods (Deris et al., 2020; Tauszig et al., 2000), mollusks 
(Tirapé et al., 2007), and amphioxus (Yuan et al., 2009). However, TLR functions 
during ontogeny are not only restricted to immunite functions, as these genes are also 
involved in developmental processes. For example, besides being involved in 
immunity, the cnidarian Nematostella vectensis TLR also plays a role in early 
development (Brennan et al., 2017); and multiple TLRs are involved in developmental 
processes in Drosophila melanogaster, such as establishment of the dorso-ventral axis 
(Anderson et al., 1985; Anderson and Nüsslein-Volhard, 1984) or muscle and neuronal 
development (Halfon et al., 1995; Ward et al., 2015), among others (Benton et al., 
2016; Byun et al., 2019; Eldon et al., 1994; Meyer et al., 2014; Paré et al., 2014; Wang 
et al., 2005). In onychophorans, a TLR has also been suggested to be involved in axis 
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elongation and heart formation (Janssen and Lionel, 2018); and in mice, TLRs are 
involved nervous system development (Hung et al., 2018; Kaul et al., 2012; Shechter 
et al., 2008). Additionally, TLRs also participate in embryonic and/or larval immunity in 
arthropods (Deris et al., 2020; Tauszig et al., 2000), mollusks (Tirapé et al., 2007), and 
cephalochordates (Yuan et al., 2009). In Paper I, stage-specific transcriptome 
analyses showed that TLRs are expressed during development in the ecdysozoans 
Hypsibius exemplaris and Priapulus caudatus and in the spiralians Crassostrea gigas 
and Terebratalia transversa. Furthermore, whole mount in situ hybridization in 
Terebratalia transversa shows that TLRs in this species are expressed in the 
endomesoderm and the ectoderm during embryonic stages; and in the mesoderm, 
brain, and ectoderm in larval stages. However, although these analyses show 
expression of TLRs in these species during ontogeny, they are not enough to assess 
whether they participate in developmental or immune processes.  
In a global perspective, the dual function of TLRs raises the question whether the 
ancestral function of these receptors is immunity or development. From my point of 
view, aiming to answer this question is challenging. As mentioned before, both, 
immune and developmental roles for these receptors are widespread in planulozoans, 
including cnidarians and bilaterians (Anderson et al., 1985; Anthoney et al., 2018; 
Brennan et al., 2017; Kaul et al., 2012; Lemaitre et al., 1996; Manicassamy and 
Pulendran, 2009; Prochazkova et al., 2019; Ren et al., 2016). Therefore, both of these 
functions were presumably already present in the Planulozoan common ancestor. 
Outside metazoans, TLRs are present in choanoflagellates, which are single-celled 
organisms in which some species form colonies (Richter et al., 2018). Richter et al., 
2018 suggest that TLRs could be involved in immunity and prey detection. However, 
to the best of my knowledge, there are not studies addressing the function of TLRs in 
choanoflagellates, which could be involved in immunity but also in colony organization, 
having perhaps similar mechanisms than TLRs in metazoan development. Moreover, 
proteins containing LRR domains are involved both in immunity and development in 
plants (Diévart and Clark, 2004). Therefore, unless one of these functions was coopted 
separately in plants and animals, it is possible that both functions were already present 
in the LRR-only and TIR-only genes that originated the first TLR.   
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5.3 VERTEBRATE AND ARTHROPOD IMMUNE MECHANISMS ARE PRESENT IN THE 
NEMERTEAN LINEUS RUBER 
In the previous section, corresponding to Paper I, I addressed evolution of TLR in a 
global metazoan scale, in order to infer how evolution of this gene family and, therefore, 
evolution of the Toll pathway has occurred. In this section, I will discuss how immunity 
occurs in the nemertean Lineus ruber, focusing on the Toll pathway, the Imd pathway, 
and the complement system upon gram-negative bacterial infection.  
5.3.1 THE TOLL PATHWAY 
The Toll pathway is involved in immunity through metazoans. Upon pathogen 
recognition, the TLR interact with adaptor proteins, triggering a kinase cascade that 
ends with the translocation of the transcription factor NF-B into the nucleus. TLRs are 
activated either by the direct binging of pathogens to TLRs or by the binding of the 
Spätzle protein. In Lineus ruber, the lack of an Spätzle protein suggests that TLRs are 
activated by direct binding to the ligand, in a similar way than in vertebrates (Medzhitov, 
2001; Valanne et al., 2011). As mentioned before, the number of TLR highly varies 
according to the species (section 5.1). In Lineus ruber, 6 TLRs are present, belonging 
4 of them to the TLR clade α (TLRα1, TLRα2, TLRα3, and TLRα4) and the other 2 to 
the TLR clade β (TLRβ1 and TLRβ2) (Paper I). Therefore, on the contrary to other 
trochozoans (e.g. annelids, mollusks, brachiopods), no TLRs belonging to clade γ are 
present in Lineus ruber. This also occurs in the other two pilidiophoran and the 
hoplonemertean nemerteans for which TLRs were included in the phylogenetic 
analysis in Paper I, suggesting that TLRs belonging to clade γ were lost either in early 
nemertean evolution, or at least, in early neonemertean (Pilidiophora and 
Hoplonemertea) evolution (Alfaya et al., 2019; Andrade et al., 2014). Furthermore, a 
MyD88 adaptor protein, at least one Irak protein, and the transcription factor 
Dorsal/Diff/NF-B-p65 are also present in Lineus ruber.  
Moreover, in Paper II, I show that Lineus ruber TLRα3, TLRβ1 and TLRβ2 are involved 
in defense against gram-negative bacteria, as they are upregulated after exposure to 
Vibrio diazotrophicus. From these genes, TLRβ1 and TLRβ2 are the first TLRs to be 
upregulated, suggesting that they could be involved in a first wave of immunity. 
However, TLRα3 has a later and stronger upregulation, indicating that, although in later 
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steps of infection, this gene has a stronger response against gram-negative infection. 
Upregulation of TLRs upon gram-negative exposure also occurs in other invertebrates, 
such as mollusks (Priyathilaka et al., 2019; Ren et al., 2016; Wang et al., 2011)  and 
arthropods (Deepika et al., 2020; Deris et al., 2020; Li et al., 2013). Altogether, these 
studies indicate that the Toll pathway is involved in response against gram-negative 
bacteria in invertebrates. Additionally, Lineus ruber TLRα4 did not show any response 
against gram-negative infection, suggesting that this gene might not be involved in 
immunity against gram-negative bacteria.  
5.3.2 THE IMD PATHWAY 
The Imd pathway is known for being involved mainly in the response of gram-negative 
bacteria in arthropods, although this pathway is also activated against some gram-
positive bacteria (Bai et al., 2020; Bao et al., 2013; Hoffmann and Reichhart, 2002; 
Zhou et al., 2018). The Imd adaptor is the key component of this pathway and, as this 
protein has not been identified outside Arthropoda (Gerdol et al., 2018; Mapalo et al., 
2020; Toubiana et al., 2014), the presence of the Imd pathway in other organisms than 
arthropods is not clear. Specifically in spiralians, the presence of the Imd pathway is 
controversial in brachiopods and mollusks due to the absence of the Imd protein 
(Gerdol et al., 2018; Toubiana et al., 2014), although other components of this pathway 
are present (e.g. PGRPs, Fadd, Dredd, Relish). However, the presence of the Imd 
protein in Lineus ruber (Paper II) shows that this protein and, therefore, this pathway 
is present in some spiralians. However, expression of imd does not change upon 
exposure to gram-negative bacteria, suggesting that, on the contrary to arthropods, 
the Imd pathway in Lineus ruber would not be involved in immunity against gram-
negative bacteria. However, as in arthropods, this pathway is also involved in the 
defense against some gram-positive bacteria (Bai et al., 2020), it could be possible 
that the Lineus ruber Imd pathway would be involved in immunity against gram-positive 
bacteria. 
Besides Imd, Fadd, Dredd and the transcription factor Relish/NFB-p105/100 are also 
present in Lineus ruber (Paper II). However, although PGRP receptors are present in 
this species, PGRPs compatible with Imd pathway activation are lacking. In 
arthropods, long PGRPs involved in Imd pathway contain RHIM motifs, which are 
involved in signal transduction (Kaneko et al., 2006). Although long PGRPs have been 
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found in mollusks and brachiopods – but not in Lineus ruber –, these proteins do not 
contain RHIM motifs. Therefore, in case that PGRPs would be involved in the spiralian 
Imd pathway, an alternative signaling mechanism should be present in those 
receptors. Nonetheless, there is also the possibility that PGRPs would not be involved 
in the spiralian Imd pathway and this pathway would be activated by other receptors. 
For instance, the vertebrate TNF-α pathway, which is analogous to the Imd pathway 
and shares many components with it (e.g. Fadd, Dredd/Caspase8, Tak1, Relish/NFB-
p105/100), is not activated by PGRP receptors, but by the TNFR1 receptor (Myllymäki 
et al., 2014). Therefore, similar receptors could maybe be involved in the activation of 
the Imd pathway in spiralians. 
5.3.3 THE COMPLEMENT SYSTEM 
The complement system is a defense mechanism consisting of extracellular and 
transmembrane proteins that, upon pathogen detection, leads to a proteolytic cascade 
that triggers immune mechanisms including opsonization, phagocytosis, inflammation 
processes, and cytolysis. The complement cascade has been very well characterized 
in vertebrates, being activated by three pathways: the alternative pathway, the lectin 
pathway and the classical pathway (Merle et al., 2015a, 2015b). However, how the 
complement system functions in invertebrates has not been so clearly elucidated. The 
alternative pathway to activate complement is the most ancient of the three pathways, 
being already present in the planulozoan common ancestor (Nonaka and Kimura, 
2006). The origin of the lectin pathway has been hypothesized to occur in chordates 
(Nonaka and Kimura, 2006). However, more recent studies challenge this view, 
suggesting that this pathway could be present in spiralians (Gerdol et al., 2018; 
Gorbushin, 2019). Moreover, due to the lack of antibodies in invertebrates, and the 
involvement of these proteins in classical pathway activation, it is widely accepted that 
this pathway was originated in the early vertebrate lineage evolution (Fujita et al., 
2004a; Nonaka and Kimura, 2006). 
The core complement system of Lineus ruber is composed by 2 C3 proteins, 4 Factor 
B, and up to 26 putative complement receptors (Paper II). The presence of these 
proteins could suggest that the complement system in Lineus ruber is activated by the 
alternative pathway, similarly than in brachiopods and mollusks (Gerdol et al., 2018; 
Gorbushin, 2019). Additionally, upregulation of C3-1 in Lineus ruber during gram-
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negative bacterial infection shows that the complement system would be activated 
against gram-negative bacteria in Lineus ruber (Paper II). Upregulation of complement 
components occurs upon immune challenge with gram-negative bacteria in cnidarians 
and in invertebrate deuterostomes (Clow et al., 2000; Poole et al., 2016; Wang et al., 
2009); and, specifically, upregulation of C3 has also been detected in mollusks (Peng 
et al., 2017; Wang et al., 2017). 
In vertebrates, C1q, ficolins, and mannose-binding lectins (MBL) are receptors that 
detect pathogens and activate the complement system via the classical and the lectin 
pathway. These proteins are multimeric proteins that associate by collagen domains. 
Although C1q proteins are also present in invertebrates, ficolins and MBL proteins, 
however, are lacking. Nonetheless, similar proteins (FreD-Cs and C-lectins) containing 
coiled coils instead of collagen domains are present in protostomes (Gorbushin, 2019). 
Since coiled coil domains are also multimeric domains (Kammerer, 1997), FreD-Cs 
and C-lectins have been suggested to perform analogous roles to ficolins and MBL in 
complement activation in invertebrates (Gerdol et al., 2018; Gorbushin, 2019). The 
transcriptome of Lineus ruber contains 3 genes encoding for C1q proteins containing 
collagen domains and 4 genes encoding for FreD-C proteins with coiled coil domains 
that could function as putative receptors of the complement system (Paper II). 
However, after the pathogen would be detected by the FreD-Cs or C1q, serine 
proteases are needed in order to trigger the proteolytic cascade. While serine 
proteases are present in vertebrates and mollusks (MASP, C1s, and C1r in vertebrates 
and MreM in mollusks) (Gorbushin, 2019; Matsushita and Fujita, 1992), they have not 
been found in Lineus ruber (Paper II) and in brachiopods (Gorbushin, 2019). Therefore, 
another mechanism to circumvent the lack of serine proteases is needed to trigger the 
complement cascade.  
5.4 SUMMARY AND CONCLUSIONS 
Innate immunity is an essential defense mechanism in order to protect ourselves 
against pathogens. Along this thesis, I have stressed the importance of the innate 
immune system in invertebrate species, focusing mostly on the Toll pathway and 
evolution of TLRs, but also having a glimpse into the Imd pathway, and the complement 
system involved in immunity in the nemertean Lineus ruber. The Toll pathway is an 
ancient pathway present in metazoans that is involved in bacterial, fungi, and viral 
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infection. The Toll receptors, which are found in variable numbers along species in the 
metazoan tree, have evolved from a proto-TLR that has originated three clades (α, β, 
and γ). Clade α TLRs are present in cnidarians, ecdysozoans and some spiralians; 
clade β in some spiralians, some ecdysozoans, and in deuterostomes; and clade γ 
only in trochozoan spiralians. Evolution of these TLRs clades has implied duplications 
and losses of TLRs since early metazoan evolution (e.g. TLR loss in xenacoelomorphs 
or duplication in the nephrozoan common ancestor); but they have also occurred more 
recently in specific lineages, which explains the high variability on the number of TLRs 
in spiralians, for instance. TLRs gains probably caused functional specialization of 
these receptors, providing a diversified tool of immune mechanisms that facilitate 
animals to adapt and survive to microbe-rich environments, for example. Moreover, 
although TLRs are of high importance in adult immunity, they are also involved in 
immunity in ontogeny and play a role in diverse developmental processes in embryos 
and larvae. The study of the expression of TLRs during ontogeny in protostomes shows 
that these genes have different spatial and temporal expression dynamics during 
development. Furthermore, in this thesis I also addressed the function of the Toll 
pathway by identifying components of this pathway in the nemertean Lineus ruber and 
showing that at least three TLRs are involved in defense against gram-negative 
bacteria in this system. Moreover, identification of components of the Imd pathway in 
Lineus ruber, showed for the first time the presence of the Imd protein, which could not 
have been identified previously in brachiopods and mollusks. However, the lack of 
response of this protein against gram-negative infection suggests that this pathway is 
not involved in defense against gram-negative bacteria but opens the possibility that 
this pathway plays a role in immunity against other pathogens. Lastly, I also show that 
the complement system in Lineus ruber could be activated by both the alternative and 
the lectin pathways and that this system is involved in response to gram-negative 
infections. Altogether, these findings provide insights into the evolution of innate 
immune mechanisms in invertebrates. 
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7.1 PAPER I: THE EVOLUTION OF THE 
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Abstract 
Background: Toll-like receptors (TLRs) play a crucial role in immunity and 
development. They contain leucine-rich repeat domains, one transmembrane domain, 
and one Toll/IL-1 receptor domain. TLRs have been classified into V-type/scc and P-
type/mcc TLRs, based on differences in the leucine-rich repeat domain region. 
Although TLRs are widespread in animals, detailed phylogenetic studies of this gene 
family are lacking. Here we aim to uncover TLR evolution by conducting a survey and 
a phylogenetic analysis in species across Bilateria. To discriminate between their role 
in development and immunity we furthermore analyzed stage-specific transcriptomes 
of the ecdysozoans Priapulus caudatus and Hypsibius exemplaris, and the spiralians 
Crassostrea gigas and Terebratalia transversa. 
Results: We detected a low number of TLRs in ecdysozoan species, and multiple 
independent radiations within the Spiralia. V-type/scc and P-type/mcc type-receptors 
are present in cnidarians, protostomes and deuterostomes, and therefore they 
emerged early in TLR evolution, followed by a loss in xenacoelomorphs. Our 
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phylogenetic analysis shows that TLRs cluster into three major clades: clade α is 
present in cnidarians, ecdysozoans, and spiralians; clade β in deuterostomes, 
ecdysozoans, and spiralians; and clade γ is only found in spiralians. Our stage-specific 
transcriptome and in situ hybridization analyses show that TLRs are expressed during 
development in all species analyzed, which indicates a broad role of TLRs during 
animal development. 
Conclusions: Our findings suggest that the bilaterian TLRs likely emerged by 
duplication from a single TLR encoding gene (proto-TLR) present in the last common 
cnidarian-bilaterian ancestor. This proto-TLR gene duplicated before the split of 
protostomes and deuterostomes; a second duplication occurred in the lineage to the 
Trochozoa. While all three clades further radiated in several spiralian lineages, specific 
TLRs clades have been presumably lost in others. Furthermore, the expression of the 








Toll-like receptors (TLRs) are involved in immunity and development in metazoans [1–
7]. The first described Tlr was the Drosophila gene Toll, which plays a role during early 
embryonic development [8, 9] and in immunity [10]. The human toll receptor TLR4 was 
the first TLR discovered in mammals [11]. Since then, TLRs have been found in most 
planulozoans (Cnidaria + Bilateria) [12–14]. Both in vertebrates and invertebrates, 
these receptors recognize pathogens and activate the Toll pathway, which induces the 
expression of downstream immune genes [15–17]. In Drosophila, TLRs are mainly 
activated by gram-positive bacteria, fungi, and viruses, promoting the synthesis of 
antimicrobial peptides (AMPs) [4, 10, 17–21]. In vertebrates, TLRs are involved in 
innate immunity and in the activation and regulation of adaptive immunity [11, 22–26]. 
TLRs are also involved in the immunity of other animals such as cnidarians [27], 
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mollusks [28–31], annelids [32, 33], crustaceans [34] and echinoderms [35]. The 
developmental roles of TLRs in Drosophila [reviewed in 2] comprise the establishment 
of the dorso-ventral axis [8, 9], segmentation [36], axis elongation [37], muscle and 
neuronal development [38, 39], wing formation [40, 41] and heart formation [42]. TLRs 
also play a role in cnidarian development [27]. Moreover, in ecdysozoans, TLRs have 
also been shown to be involved in onychophoran axis elongation [43]. In spiralians, 
TLRs are expressed during the development of mollusks [31] and annelids [32], but no 
further analyses have been conducted. TLRs are also involved in nervous system 
development in mice [44–47], although the ligands that activate them during this 
process remain unknown [2]. 
TLRs are proteins characterized by an extracellular region containing one or more 
leucine-rich repeat (LRR) domains, one type-I transmembrane domain and one 
intracellular Toll/IL-1 receptor (TIR) domain (Figure 1) [48, 49]. The extracellular LRR 
domains are the regions that recognize the ligand [50, 51]. Each LRR domain is 
constituted by 22-26 amino acids, in which multiple leucine residues are present [48]. 
Some LRR domains contain cysteine residues in the N-terminal (LRRNT) or the C-
terminal (LRRCT) part of the LRR domain [6, 49, 52]. However, LRR domains are also 
found in a large number of other proteins [53], for example in the immune NOD 
receptors [54] and in proteins involved in developmental processes (e.g. Slit, 
Capricious, Tartan) [55, 56]. The TIR domain is involved in signal transduction [49] and 
is also present in other proteins, e.g. in immune proteins in plants [57, 58], in members 
of the interleukin-I receptor family (IL-1) [49, 59] and in adaptors of the Toll pathway 
(e.g. MyD88) [60–62]. Although the TIR domain is the most characteristic domain of 
the TLRs, at least one LRR domain must be present to categorize a receptor as TLR 
(Figure 1) [13]. 
Based on the structure of the LRR domains, TLRs have been previously classified as 
vertebrate-type or single cysteine cluster (V-type/scc), and protostome-type or multiple 
cysteine cluster (P-type/mcc) (Figure 1) [7, 13, 63, 64]. V-type/scc TLRs are 
characterized by having only one LRRCT domain, which is located next to the cellular 
membrane. P-type/mcc TLRs contain at least two LRRCT domains and, commonly, an 
LRRNT [7, 13]. Traditionally, it has been assumed that all deuterostome TLRs belong 
to the V-type/scc [64], and because Drosophila melanogaster TLRs (except for Toll9) 
and the Caenorhabditis elegans TLR belong to the P-type/mcc, they have been 
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suggested to be protostome specific [64]. However, P-type TLR are also present in 
invertebrate deuterostomes and V-type TLRs in protostomes [13, 14, 65, 66]. 
Therefore, in agreement with Davidson et al., 2008 [65]; and Halanych and Kocot, 2014 
[66], we affirm that the V- P-type nomenclature is problematic and should be avoided 
in favor of the mcc/scc nomenclature. 
 
Figure 1. Structure of TLR and TLR-like receptors. TLRs are 
constituted by a series of extracellular leucine-rich repeat (LRR) 
domains, a transmembrane region (TM) and an intracellular 
Toll/IL-1 receptor (TIR) domain. TLRs are often classified into V-
type/scc or P-type/mcc according to the structure of their 
extracellular region. V-type/scc TLRs have only one LRRCT 
located next to the TIR domain, while P-type/mcc TLRs have 
more than one LRRCT and, sometimes, an LRRNT domain. 
Proteins that lack either the LRR domains or the TIR domain are 
not considered as TLR receptors. These TLR-like proteins are 




Several authors consider that TLRs originated in the lineage to the Planulozoa by the 
fusion of a gene with a TIR domain (TIR-only) and a gene containing only LRR domains 
(LRR-only) [7, 14, 67]. However, this hypothesis is challenged by the presence of TLRs 
in choanoflagellates, the sister group to metazoans, which suggests that the origin of 
TLR could predate metazoans [68]. LRR-only and TIR-only are TLR-like proteins 
(Figure 1) involved in immunity [7, 12–14, 69–74] – e.g. in Hydra, association of LRR-
only and TIR-only proteins activates the Toll pathway [75, 76].   
The TLR complement has been previously surveyed in vertebrates [11, 52, 77–79] and 
in a few invertebrates, especially in arthropods [8, 14, 18, 80, 81]. Humans have 10 
TLRs [11, 52], D. melanogaster has 9 [8, 18] and the nematode C. elegans has only 
one [82]. Recent genome and transcriptome sequencing of more organisms has 
revealed that TLRs are widespread across the metazoan tree (summary in Figure 2). 
Outside bilaterians, TLRs are present in anthozoan cnidarians (e.g. Nematostella [27], 
Acropora [72], Orbicella [83]), but not in hydrozoans (e.g. Hydra [75], Clytia [84]). 
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Furthermore, TLRs have not been found in ctenophores [85, 86], placozoans [73] and 
poriferans [69, 74]. Within bilaterians, previous studies have shown that the number of 
TLRs in spiralians is highly variable between species [65, 66, 87–90], suggesting that 
TLR genes underwent several independent radiations [13, 65, 89, 91]. However, the 
surveyed platyhelminth and rotifer species lack TLRs [70, 71, 92]. In ecdysozoans, 
besides arthropods and nematodes, TLRs are also present in onychophorans, 
tardigrades, nematomorphs and priapulids [93].  In invertebrate deuterostomes, the 
number of TLRs in echinoderms and amphioxus is expanded [64, 94, 95], which is in 
contrast to the limited number of TLRs in tunicates [96, 97]. Although the TLR 
sequences of many metazoans have been explored [7, 12–14], more protostome 
species must be surveyed to gain a better picture of the TLR evolution (Figure 2).   
 
 
Figure 2. Review of the number of TLRs across metazoans. Within metazoans, no TLRs have been 
found outside Cnidaria and Bilateria. Spiralians show a variable number of TLRs, being, for example, 
23 TLRs in the annelid C. teleta, but none in the rotifer A. vaga. In ecdysozoans, C. elegans and D. 
melanogaster have 1 and 9 TLRs, respectively. The number of TLRs in deuterostomes is also variable, 
being high in S. purpuratus and B. lanceolatum, but reduced in tunicates. References: [8, 11, 18, 27, 
52, 64–66, 69, 70, 72, 75, 82, 84, 88, 92, 94, 96, 97]. Phylogeny according to [98].  
 
Although the phylogenetic relationships of TLRs have been previously analyzed, these 
were mainly focused on vertebrate TLR evolution [67, 99] or including only few 
protostome species [13, 65, 89]. So far, the results are contradictory and are not 
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sufficient to comprehend the detailed evolution of TLRs. For instance, Davidson et al., 
2008 [65] suggested that TLRs are divided into three major clades, although the 
relationships between them remained unresolved. Brennan and Gilmore, 2018 [13] 
suggested that TLRs cluster according to the TLR-type (P-type/mcc or V-type/scc) and 
Liu et al., 2020 [67] suggested that both TLR types would be widespread in 
invertebrates. Furthermore, Luo et al., 2018 [89] showed lineage-specific expansions 
of TLRs in some trochozoan groups (phoronids, nemerteans and brachiopods). Thus, 
phylogenetic analyses including TLRs of species representing the broad metazoan 
diversity are lacking. In this study, we aim to reconstruct the TLR evolution by 
searching for TLRs in under-represented metazoan clades and performing a 
phylogenetic analysis including TLRs of species from the four main metazoan clades 
(cnidarians, spiralians, ecdysozoans and deuterostomes). Moreover, we aim to 
reconstruct the early TLR function by analyzing their expression during the course of 
development in four protostome species. 
 
Results 
Our genome and transcriptomic surveys revealed a total of 198 TLRs in 25 species 
(Table 1, Figure 3). No TLRs were found in 20 species. Additionally, our analysis also 
revealed a large number of TLR-like proteins (TIR-only or LRR-only). However, only 
sequences containing a TIR domain, a transmembrane domain and, at least, one LRR 
domain were considered as criteria for TLRs. 
 
TLRs are absent in the genomes and transcriptomes of xenacoelomorphs and 
in some spiralians 
Our surveys revealed that TLRs are absent in the genomes and transcriptomes of all 
Xenacoelomorpha, Platyhelminthes, Cycliophora, Micrognathozoa and Gastrotricha 
species analyzed (Table 1). Furthermore, TLRs are also absent in the transcriptomes 
of all the rotifer species investigated, except for E. senta (Table 1, Figure 3). Moreover, 
although TLRs were present in the bryozoan M. membranacea, they were not found in 
the transcriptome of the bryozoan B. neritina. However, although TLRs were not 
detected, TLR-like proteins were present in all these animal groups (data not shown).  
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Table 1. TLR genome/transcriptome survey results and classification of TLRs included in the phylogenetic 
analysis.   
 






 Cnidaria      
 Nematostella vectensis 1 0 1 0 L: [27] 
 Acropora digitifera 4 1 3 0 L: [72] 
 Acropora millepora 1 0 1 0 L: [72] 
 Orbicella faveolata 1 0 1 0 L: [83] 
 Xenacoelomorpha      
 Xenoturbella profunda 0 0 0 0 G:  Unpublished  
 Hofstenia miamia 0 0 0 0 G: GCA004352715 
 Praesagittifera naikaiensis 0 0 0 0 G: PRJDB7329 
 Isodiametra pulchra 0 0 0 0 G:  Unpublished 
 Meara stichopi 0 0 0 0 G:  Unpublished 
 Convolutriloba macropyga 0 0 0 0 T: [100] 
 








Membranipora membranacea 6 4 1 1 T:  SRX1121923 
Bugula neritina 0 0 0 0 T: [101] 
Cycliophora      
Symbion pandora 0 0 0 0 T: [102] 
Annelida      
Galathowenia oculata 39 18 12 9 T: Unpublished 
Eisenia fetida 11 0 1 10 T: SRX3108745 
Helobdella robusta 4 1 3 0 G: [103] 
Phyllochaetopterus prolifica 3 1 0 2 L: [66] 
Mollusca      
Crassostrea gigas 12 10 2 0 G: [104] 
Octopus bimaculoides 9 1 6 2 G: [105] 
Cyclina sinensis 2 1 1 0 L: [88] 
Leptochiton rugatus 1 0 0 1 L: [66] 
Biomphalaria glabrata 27 16 10 1 G: [87]/NCBI 
Brachiopoda      
Terebratalia transversa 15 4 4 7 T: [100] 
Hemithris psittacea 6 3 1 2 T: [66] 
Lingula anatina 25 15 7 3 G: [106] 
Micrognathozoa      
Limnogathia maerski 0 0 0 0 T:  SRX1121929 
Gastrotricha      
Lepidodermella squamata 0 0 0 0 T: [107] 
Macrodasys sp 0 0 0 0 T: [108] 
Megadasys sp 0 0 0 0 T: [108] 
Diuronotus aspetos 0 0 0 0 T: SRX1121926 
Mesodasys laticaudatus 0 0 0 0 T: SRX872416 
Nemertea      
Lineus longissimus 10 7 2 1 T: [100] 
Lineus ruber 6 2 3 1 T: Unpublished 
Notospermus geniculatus 7 5 1 1 G: [89] 
Paranemertes peregrina 2 1 0 1 L: [66] 
Phoronida      
Phoronopsis harmeri 2 0 1 1 T: SRX1121914 
Phoronis australis 24 14 8 2 G: [89] 
Phoronis psammophila 3 1 1 1 L: [66] 
Phoronis vancouverensis 6 5 0 1 L: [66] 
Platyhelminthes      
Macrostomum lignano  0 0 0 0 G: [109] 
Echinococcus multilocularis 0 0 0 0 G: [110] 
Hymenolepis microstoma 0 0 0 0 G: [110] 
Rotifera      
Epiphanes senta 1 1 0 0 T: Unpublished 
Rotaria tardigrada 0 0 0 0 T: [111] 
Echinorhynchus gadi 0 0 0 0 T: SRX1121912 
Macracanthorhynchus 
hirudinaceus 
0 0 0 0 T: [108] 
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NC column indicates the number of TLRs that could not be classified for each species. In the reference 
column G/T indicate that the TLR sequences were surveyed and found in genomes (G) and 
transcriptomes (T) in this study. L (standing for literature) indicates that the TLR sequences were already 
published in previous studies and we did not obtain these sequences by performing a survey but by 
directly obtaining them from that publication or NCBI database. For further details, see Supplementary 
Table 1. 
 
The number of TLRs detected in members of Ecdysozoa is low when compared 
to Spiralia and Deuterostomia 
The TLR survey of the ecdysozoan genomes and transcriptomes revealed only one 
TLR for the tardigrade, nematode, and onychophoran species analyzed (Table 1, 
Figure 3). Furthermore, we detected up to 4 different TLRs in priapulids, 2 in 



















Priapulus caudatus 3 0 3 0 T: [100] 
Halicryptus spinulosus 4 1 3 0 T: [100] 
Tardigrada      
Hypsibius exemplaris 1 0 1 0 G: [112] 
Ramazzottius varieornatus 1 0 1 0 G: [113]  
Onychophora      
Peripatopsis capensis 1 0 0 1 T: [114] 
Nematoda      
Loa loa 1 0 1 0 G: [115] 
Onchocerca volvulus 1 0 1 0 G: [116] 
Caenorhabditis elegans 1 0 1 0 L: NCBI 
Loricifera      
Armorloricus elegans 2 1 1 0 T:  SRX1120677 
Arthropoda      
Daphnia pulex 5 2 3 0 G: [117] 
Drosophila melanogaster 9 1 8 0 L: NCBI 













 Tunicata      
Ciona intestinalis 2 1 1 0 L: [97] 
Oikopleura dioica 1 1 0 0 L: [96] 
Echinodermata      
Strongylocentrotus purpuratus 8 7 1 0 L: [64]  
Craniata      




Figure 3. Total number of TLRs in the analyzed species. In general, the number of TLRs in spiralians 
(purple) is higher and more variable between species when compared to ecdysozoans (magenta). 
Species in which TLRs were not detected are excluded from the graph. 
 
Multiple TLRs are detected in trochozoan species 
TLRs were found in the genomes/transcriptomes of all trochozoan species analyzed 
(Table 1, Figure 3). Our results reveal that, in general, multiple TLRs are present in 
highly variable numbers in trochozoan species. The number of TLRs is not reflected 
by the phylogeny, meaning that species belonging to a same clade do not have a more 
similar number of TLRs than species belonging to another clade. This is explained by 
the multiple duplications and losses that have independently occurred in the Toll 




P-type/mcc and V-type/scc are not specific for any planulozoan clade 
Previous studies suggest that V(ertebrate)-type/scc and P(rotostome)-type/mcc TLRs 
are restricted to vertebrates and protostomes, respectively [64]. However, our results 
show that both, P-type/mcc and V-type/scc type TLRs, are present in cnidarians, 
spiralians, ecdysozoans, and deuterostomes (Table 1; Supplementary Table 2). V-
type/scc TLRs are the most abundant TLR type in the spiralian species analyzed. 
However, many spiralians also have several P-type/mcc TLRs. P-type/mcc TLRs are 
the predominant TLR type in the ecdysozoan species included in this analysis. For 
nematodes, tardigrades and onychophorans, which only have one TLR, this TLR was 
always classified as P-type/mcc. Ecdysozoan species analyzed with more than one 
TLR have one or more P-type/mcc TLRs and only one V-type/scc. Although the 
vertebrate TLR complement seems to only contain V-type/scc TLRs [14, 67, 119, 120], 
P-type/mcc TLRs are also present in other deuterostomes, such as the tunicate C. 
intestinalis [97] and the echinoderm S. purpuratus [64] (Table 1, Supplementary Table 
2). This suggests that P-type/mcc TLRs were lost in the lineage to the Craniata.  
 
TLRs form three clades 
Our phylogenetic analysis showed that TLRs group into three clades (Figure 4A), which 
we named clade α (89 TLRs), clade β (102 TLRs) and clade γ (79 TLRs). Although 
these three clades are supported with support values >60, some of the internal nodes 
have low support values (<60). The phylogenetic analysis showed that clades β and γ 
are sister clades and together form the sister group to clade α. All three clades contain 
both P-type/mcc and V-type/scc TLRs, which makes it difficult to reconstruct whether 
P-type/mcc or V-type/scc show the ancestral state of TLRs. Furthermore, 2 
deuterostome TLRs (from H. sapiens and C. intestinalis) and 11 spiralian TLRs (2 from 
species of mollusks and 9 from brachiopods) could not be assigned to any of the above 
clades. The 9 brachiopod TLRs form a clade with a high support value (>60), but do 
not group with either the mollusk or the deuterostome sequences. This TLR brachiopod 
clade is the sister clade to the three main clades (α, β and γ). For these sequences, 
the alignment showed brachiopod-specific deletions in the amino acid positions 150-
220 that are not present in the TLRs belonging to the three main clades 
(Supplementary Figure 1). To investigate whether this insertion is causing the 
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clustering of the TLRs into three clades, we performed a second phylogenetic analysis 
(Supplementary Figure 2) with the same parameters of the main analysis (Figure 4A) 
but excluding the 150-200 amino acid region. The second analysis (Supplementary 
Figure 2) is able to reconstruct clade α with high support value (>60). However, clade 
γ is nested within clade β and both of them have low support values (<60). In the 
second analysis (Supplementary Figure 2), as in the main analysis (Figure 4), the 9 
brachiopod sequences cluster together and form the sister clade to the three main 
clades. However, in the analysis shown in Supplementary Figure 2, the mollusk and 
deuterostome sequences are included in the clade γ. In the main analysis (Figure 4A), 
no distinctive motifs were observed in the alignment that justify the exclusion of these 
sequences from the main clades.  
Clade α includes TLRs from all cnidarian, spiralian and ecdysozoan species analyzed, 
except for the onychophoran TLR (Figure 4). Because all cnidarian TLRs cluster 
together, it is likely that only one TLR was present in the last common ancestor of 
Cnidaria. Clade β is formed by TLRs belonging to deuterostomes, spiralians and three 
ecdysozoans (two arthropods and the onychophoran TLR) (Figure 4). This suggests 
that at least the ancestral TLR of Clade β/γ was already present in the last common 
ancestor of Nephrozoa (Protostomia + Deuterostomia). Furthermore, lineage-specific 
expansions of clade β TLRs are detected in spiralians and deuterostomes. Clade γ 
TLRs are present in all trochozoan groups except for the nemertean species analyzed 
(Figure 4). Clade γ contains TLRs that radiated independently in several lineages. Our 
alignment shows that 159/181 TLRs belonging to the clades β and γ contain an 
insertion of 6 amino acids in the positions 349-354 (Supplementary Figure 1). In Clade 
α, this insertion is only present in Pcau-TLRα1, the sister TLR to all the remaining TLRs 
belonging to this clade. To exclude that this insertion causes the clustering in three 
distinct clades, we performed a third phylogenetic analysis (Supplementary Figure 3), 
in which we applied the same parameters as in the main analysis -shown in Figure 4A- 
but eliminated the 6 amino acid insertion regions. In the third analysis (Supplementary 
Figure 3), the three clades could be reconstructed with good support values (>60). 
However, due to low support values (<60), the relationship between the clades could 
not be resolved. Moreover, the clustering of the TLRs into the three clades (α, β, γ) 
was maintained with respect to the main analysis (Supplementary Figure 3, Figure 4A), 
except for eight phoronid and one human sequences. In the main analysis (Figure 4A), 
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the phoronid sequences cluster together within clade γ, with high support values (>60). 
This clade of phoronid TLRs is the sister clade to all remaining TLRs in clade γ. 
Nevertheless, in the third analysis (Supplementary Figure 3), these phoronid TLR 
sequences constitute a well-supported (>60) clade within clade β, but it is not the sister 
clade to the remaining TLRs in this clade. In the main analysis (Figure 4A), the human 
sequence is not included in any of the three main clades, but in the third analysis 
(Supplementary Figure 3) it does cluster in clade α.  
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Figure 4. TLR phylogenetic analysis and distribution of P-type/mcc or V-type/scc. A). Phylogenetic 
analysis of TLRs based on maximum likelihood Bootstrap values are indicated next to the main nodes 
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and all nodes with bootstrap values >60 are marked with full dots (colored differently according the 
support values). Tip labels contain an abbreviation of the species name and the gene name given in this 
study (for sequences searched de novo here) or in the original study (for sequences obtained from the 
literature). Numbers in the gene name do not imply gene orthology. Species abbreviations: Ael: A. 
elegans; Ad: A. digitifera; Am: A. millepora; Bgl: B. glabrata; Ce: C. elegans; Cgi: C. gigas; Ci: C. 
intestinalis; Cs: C. sinensis; Dm: D. melanogaster; Dpu: D. pulex; Efe: E. fetida; Ese: E. senta; Goc: G. 
oculata; Hex: H. exemplaris; Hps: H. psittacea; Hro: H. robusta; Hsa: H. sapiens; Hsp: H. spinulosus; 
Isc: I. scapularis; Mme: M. membranacea; Nge: N. geniculatus; Nv: N. vectensis; Lan: L. anatina; Lloa: 
L. loa; Llon: L. longissimus; Lrub: L. ruber; Lrug: L. rugatus; Obi: O. bimaculoides; Od: O. dioica; Of: O. 
faveolata; Ovo: O. volvulus; Pau: P. australis; Pcap: P. capensis; Pcau: P. caudatus; Phe: P. hermeri; 
Ppe: P. peregrina; Ppr: P. prolifca; Pps: P. psammophila; Pva: P.vancouverensis; Rva: R. varieornatus; 
Sp: S. purpuratus; Ttr: T. transversa. B). Presence/absence in the metazoan groups included in our 
study.  
 
TLRs are expressed during development in the ecdysozoans P. caudatus and H. 
exemplaris and in the spiralians C. gigas and T. transversa 
In order to study the temporal expression of TLRs during ontogeny, we analyzed stage-
specific transcriptomes of the priapulid P. caudatus [121], the tardigrade H. exemplaris 
[122], the mollusk C. gigas [104] and the brachiopod T. transversa [123]. All the 
analyses were performed using both RSEM [124] and kallisto [125] methods.  
The expression of the only TLR present in H. exemplaris was analyzed in stage-
specific transcriptomes of 19 stages (one biological replicate) (Figure 5A; 
Supplementary Table 3) [122]. Expression of TLRα was detected (TMM ≥ 0.15) in time 
windows during development (zygote, morula, gastrula, elongation, segmentation and 
differentiation). 
Three TLRs were identified in P. caudatus transcriptomic survey (Table 1). The 
expression of these TLRs was analyzed in five embryonic stages (two biological 
replicates) (Supplementary Table 4) [121]. Our results indicate that all three TLRs 
found in the transcriptomic survey are expressed during embryonic development (TMM 
≥ 0.15). Pca-TLRα1 and Pca-TLRα2 are expressed in all developmental stages 
analyzed, whereas Pca-TLRα3 is expressed only in the later embryonic stages (Figure 
5B; Supplementary Table 4). 
The expression of the 12 C. gigas TLRs (Table 1) was analyzed in stage-specific 
transcriptomes of 19 stages (one biological replicate) (Supplementary Table 5) [104]. 
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Our results show that at 11 of the 12 TLRs are expressed during development (Figure 
5C; Supplementary Table 5). Some TLRs are expressed throughout development (Cgi-
TLRα1, Cgi-TLRα4, Cgi-TLRβ4, Cgi-TLRδ1, Cgi-TLRδ2), while others (Cgi-TLRα2, 
Cgi-TLRα3, Cgi-TLRβ1, Cgi-TLRβ2, Cgi-TLRγ1, Cgi-TLRγ2) are only expressed at 
certain developmental stages. Cgi-TLRβ3 expression was not detected at any of the 
stages analyzed.   
15 TLRs were found in our transcriptome survey of T. transversa (Table 1). Expression 
of these TLRs was analyzed in stage-specific transcriptomes of 12 developmental 
stages (with two biological replicates) [123]. Our results suggest that at least 12 of the 
15 TLRs are expressed at certain stages during T. transversa development (Figure 
5D; Supplementary Table 6). Ttr-TLRα2, Ttr-TLRα5, Ttr-TLRβ1, Ttr-TLRβ4, Ttr-
TLRβ5, and Ttr-TLRδ expression is detected in time windows during embryonic and 
larval stages. All these genes, except Ttr-TLRβ5, are expressed in juveniles. For some 
genes (Ttr-TLRα4, Ttr-TLRβ2, Ttr-TLRβ3, and Ttr-TLRγ4), expression was detected 
throughout development. Moreover, expression was not detected at the embryonic and 
larval stages analyzed for Ttr-TLRα1, Ttr-TLRγ1, Ttr-TLRγ2 and Ttr-TLRγ3. Similarly, 
Ttr-TLRα3 expression was only detected in the competent larvae and in the juveniles. 
Our analyses show that TLRs are expressed during the development of the spiralians 
T. transversa and C. gigas and the ecdysozoans P. caudatus and H. exemplaris. These 
analyses show that the TLRs expressed during development are not restricted to one 
TLR clade in the tree shown above, but they are found in all three main clades (e.g. 
Ttr-TLRα4, Ttr-TLRβ3, Cgi-TLRγ1).  
 
 119 
Figure 5. TLR expression in developmental stage-specific transcriptomes of (A) H. exemplaris, 
(B) P. caudatus, (C) C. gigas and (D) T. transversa. Heatmaps corresponding to the average of the 
RSEM analyses are shown. For heatmaps corresponding to Kallisto analyses see Supplementary 
Tables 3, 4, 5 and 6. Bold indicates stages and genes for which in situ hybridization was performed. 
TMM: Trimmed means of M values. 
 
Furthermore, in order to validate our stage specific transcriptome results, we 
performed whole mount in situ hybridization (WMISH) for the T. transversa mRNAs of 
TLRα2, TLRα3, TLRα4, TLRα5, TLRβ3, TLRγ4 and TLRδ (Figure 6). Consistently with 
our stage specific transcriptomic analysis, our WMISH results show that Ttr-TLRα2 is 
not expressed at the late gastrula stage (Figure 6A), but the expression is present in 
the mesoderm and in two pairs of lateral domains in early larvae (Figure 6B). This gene 
is not expressed in late larvae (Figure 6C). In agreement with our stage specific 
transcriptomic analysis, we did not detect Ttr-TLRα3 either in late gastrulae or in the 
two larval stages analyzed (Figure 6D-F). Ttr-TLRα4 has a dynamic expression pattern 
during T. transversa development. This gene is expressed in the mesoderm at the 
early gastrula stage, but, consistent with the stage specific transcriptome analysis, it is 
not detected in late gastrulae (Figure 6G-H). In early larvae, Ttr-TLRα4 is expressed 
in the inner lobe epithelium and in a medial V-shaped mesodermal domain (Figure 6I). 
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In late larvae, this gene is expressed in the brain and in the pedicle (Figure 6J). mRNA 
of Ttr-TLRα5 is detected in a uniform salt and pepper distribution at the late gastrula 
stage and the two larval stages for which WMISH was performed (Figure 6K-M). Ttr-
TLRβ3 is expressed in the anterior region of the animal in late gastrulae (Figure 6N). 
However, although Ttr-TLRβ3 expression was detected in early larvae in the stage 
specific transcriptome analysis, expression was not detected by WMISH (Figure 6M). 
Furthermore, Ttr-TLRβ3 is not expressed in the late larvae (Figure 6P). The expression 
of Ttr-TLRγ4 and Ttr-TLRδ have a uniformly salt and pepper distribution at the late 
gastrula and early larvae stages (Figure 6 Q-R and T-U). This salt and pepper 
transcript distribution is similar in late larvae, although it is absent from the pedicle 
lobes (Figure 6 S and V). These results conflict with the stage specific transcriptome 
analyses, as, in this analysis, neither Ttr-TLRγ4 expression was detected in the early 
larvae nor Ttr-TLRδ in any of the two larval stages tested. Differences between the 
results of both analyses could be explained by differences and variation of the 










Figure 6. Expression of TLRs during the 
development of the brachiopod T. 
transversa. Whole-mount in situ 
hybridization (WMISH) of TLRs in T. 
transversa embryos and larvae. Above the 
WMISH plates, there are schematic 
representations of each developmental 
stage analyzed. These representations are 
not to scale. The name of each gene is 
indicated in the rectangles on the left. All 
panels show dorso-ventral views and 
anterior to the top. Squares in the top-right 
of each plate indicate whether the 
expression was detected (yellow) or not 
(blue) in the stage-specific transcriptome 
analysis. Ectoderm, mesoderm and 
endoderm is indicated with blue, red and 
yellow arrowheads, respectively. The red 
and yellow arrowhead indicates 
endomesoderm. The ring-shape staining 
present in the late larvae Ttr-TLRα4 and 
Ttr-TLRγ4 is background staining (black 
arrowhead) [126]. Scale bar indicates 50 
μm. al: apical lobe; bp: blastopore; cs: 
chaetal sacs; em: endomesoderm; me: 





The evolution of the TLR family is characterized by losses, expansion and 
conservation  
As shown in previous studies, TLRs are absent in the Platyhelminthes S. mediterranea 
and S. mansoni [92]. Here, we show that this receptor family is also absent from the 
genomes of three other platyhelminth species (M. lignano, E. multilocularis and H. 
microstoma). Thus, TLRs are absent in species belonging to four different 
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platyhelminth lineages (Macrostomorpha – M. lignano; Cestoda – E. multiocularis and 
H. microstoma; Tricladida – S. mediterranea; and Digenea – S. mansoni) suggesting 
that TLRs could have been lost during early platyhelminth evolution. This hypothesis 
is reinforced by the lack of TLRs in M. lignano, member of Macrostomorpha, an early-
diverging platyhelminth lineage [107]. In rotifers, even though TLRs could not be 
detected in A. vaga [70], E. gadi, R. tardigrada and M. hirudinaceus, our transcriptome 
survey revealed one TLR in the monogonont rotifer E. senta. This suggests that TLRs 
would have been independently lost in some rotifer lineages.  So far, we did not detect 
TLRs in the genomes and transcriptomes of the species belonging to 
Xenacoelomorpha, Cycliophora, Micrognathozoa, and Gastrotricha, suggesting that 
TLRs were lost in these lineages. How the immune response is achieved in animals 
that lack TLRs is unknown, but it could be triggered by other components of the Toll 
pathway e.g. TLR-like molecules [14, 70–72], similar to what has been shown for LRR-
only TLR-like and TIR-only TLR-like in Hydra [75, 76].  
Another outcome of this study is the remarkable expansion that the TLRs family 
exhibits in trochozoans. Evolution of this gene family in trochozoans is characterized 
by multiple duplications and losses, having as a consequence a very variable number 
of the TLRs complement in trochozoans. Moreover, in our phylogenetic analysis, TLRs 
of the same species and clades mostly group together, indicating the existence of 
multiple independent duplications (Figure 4A). The same has been shown also in 
previous phylogenetic analyses of TLRs (Figure 6) [13, 65, 89].  
In contrast to trochozoans, our results show that the number of TLR in ecdysozoans 
has been relatively conserved during evolution. At least, few TLR gene duplications 
have occurred in this lineage, including recent independent duplications in arthropods, 
priapulids or loriciferans. 
 
The evolution of the three clades (α, β, γ) of TLRs  
There are very few studies assessing the phylogenetic relationships of TLRs within the 
main metazoan clades (Figure 7) [65, 89]. The study of Davidson et al., 2008 [65] 
recovered three clades of TLRs. However, the relationships between the clades remain 
unclear. Furthermore, the composition of the clades slightly differs in both analyses 
(e.g. while our study shows that deuterostome TLRs belong to one clade – clade β – 
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their results suggest that deuterostome TLRs are present in two clades – clades A and 
B) [65]. However, their phylogenetic study is limited by the number of sequences and 
species included. Similar to Luo and Zheng, 2000 [127]; and Luna et al., 2002 [128], 
our results suggest that ecdysozoan and deuterostome TLRs evolved independently 
from a common TLR precursor. However, our phylogenetic analysis has also some 
limitations, as the support values for the main clades are not optimal (with support 
values 61-74%). This is also reflected by the rearrangement of the tree when the 
alignment is modified for the phylogenetic analyses shown in Supplementary Figures 
2 and 3. 
 
 
Figure 7. Comparison between Davidson et al., 2008; Luo et al., 2018; and this study. The main 
conclusions and the number of TLRs and species included in the three studies are compared. Cnidaria 
(C), Spiralia (S), Edysozoa (E) and Deuterostomia (D).  
 
Previous studies suggest that TLRs originated likely by the fusion of an LRR-only and 
a TIR-only TLR genes in the lineage to Planulozoa (Cnidaria + Bilateria) [7, 14, 67]. 
However, this hypothesis is challenged by the presence of TLRs in choanoflagellates, 
indicating that at least one TLR could be already present in the common ancestor of 
choanoflagellates and animals [68]. Here, we hypothesize that the planulozoan stem 
species had only one TLR (Figure 8), the proto-TLR. This is supported by the fact that 
all cnidarian TLRs included in our analysis cluster in a monophyletic group within clade 
α, which is consistent with the results of Brennan and Gilmore, 2018 [13]. During 
cnidarian evolution, this gene was lost in some lineages, e.g. Hydra [75], Clytia [84], 
and multiplied in others, e.g. A. digitifera [72].  
After the split into the cnidarian and bilaterian lineages, the proto-TLR was duplicated 
in the lineage to the Bilateria, giving rise to a clade α type TLR gene (TLR-Cα) and the 
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proto-TLR gene of clades β and γ (TLR-Cβ/γ) (Figure 8). However, our results indicate 
that TLR-Cα was lost during early deuterostome evolution. Later, expansions of TLR-
Cβ/γ generated the TLR diversity found in deuterostomes. Furthermore, as vertebrate 
TLRs diversified within the vertebrate lineage, it is impossible to make one-to-one 
orthology gene assignments between the vertebrate TLRs and the invertebrate TLRs 
[67].  
The protostome stem species and the spiralian stem species had likely two TLRs: TLR-
Cα and TLR-Cβ/γ (Figure 8). During early trochozoan evolution, the spiralian TLR-Cβ/γ 
gene was duplicated, giving raise to the ancestral TLR from clade β in trochozoans 
(TLR-Cβ) and the ancestral TLRs from clade γ (TLR-Cγ). This is supported by the fact 
that clade β and clade γ are sister clades and clade γ is only present in trochozoans. 
Later, episodes of gene duplication generated the larger diversity of TLRs from clade 
β and clade γ in trochozoans. These expansions could have occurred due to the 
necessity to adapt to microbe rich environments [129, 130]. Losses of both TLRs seem 
to have occurred in non-trochozoan lineages, e.g. in platyhelminths and rotifers. 
Our results show that the ecdysozoan stem species had two TLRs (Figure 8) belonging 
to clade α and clade β/γ. Although, in general, the number of TLRs is low, few 
duplications of TLR-Cα occurred in some lineages (e.g. arthropods, priapulids, 
loriciferans). Furthermore, our analysis shows that the surveyed priapulids, 
tardigrades, nematodes and loriciferan lack TLRs from clade β; whereas clade β TLRs 
are present in the majority of the arthropods and in the onychophoran surveyed. This 
would imply that TLR clade β would have been lost independently in the early 
branching ecdysozoans but not in the most late-branching lineages [98, 131]. 
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Figure 8. Origin and evolution of TLRs. Gene lineages are depicted in different colors (proto-TLR: 
dark brown; TLR-Cα: light brown; TLR-Cβ/γ and TLR clade β: light grey; and TLR clade γ: dark grey) 
within the metazoan tree. Gene losses are indicated with a cross. Phylogeny according to: [98] 
 
Are protostome TLRs involved in immunity and development during ontogeny?  
TLRs are well known to play a key role in adult innate immunity in planulozoans [11, 
22–26]. During ontogeny, this gene family has also been shown to be involved in a 
great number of developmental processes both in arthropods and vertebrates [2, 8, 9, 
36, 38, 39, 42, 44–46]. Here, we identify TLRs expressed during ontogeny in four 
protostome species (the ecdysozoans H. exemplaris and P. caudatus and the 
spiralians C. gigas and T. transversa) (Figures 5 and 6). Expression of TLRs was 
observed for some TLRs in short developmental time windows (the H. exemplaris Hex-
TLRα; the C. gigas Cgi-TLRα2, Cgi-TLRα3, Cgi-TLRβ1, Cgi-TLRβ2, Cgi-TLRγ1, Cgi-
TLRγ2; and the T. transversa Ttr-TLRα2, Ttr-TLRα5, Ttr-TLRβ1, Ttr-TLRβ4, Ttr-
TLRβ5), suggesting a possible role of these genes in development, as genes involved 
in developmental processes are usually expressed for defined periods of time in 
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tissues in order to participate in specific developmental processes [132–134]. For 
instance, expression during early embryonic stages of the T. transversa Ttr-TLRα2 
(Figure 5) might suggest its involvement in dorso-ventral axis specification, as it has 
been shown for the Drosophila Toll [8, 9]. Later, in the early larvae, transcription of this 
gene is transiently activated in the mesoderm (Figures 5 and 6), suggesting that this 
gene might be also involved in mesoderm development. However, our analyses do not 
exclude the possibility that these genes might also be involved in immunity, as these 
TLRs could have a dual role, as it has been shown for the Drosophila Toll [10] and the 
only TLR in the cnidarian N. vectensis [27]. Discerning the role of TLRs expressed in 
broad time windows or during the whole development (the three P. caudatus TLRs; the 
C. gigas Cgi-TLRα1, Cgi-TLRα4, Cgi-TLRβ4, Cgi-TLRδ1, Cgi-TLRδ2; and the T. 
transversa Ttr-TLRα4, Ttr-TLRβ2, Ttr-TLRβ3, and Ttr-TLRγ4) is complex, as these 
genes could be involved either in immunity or in development, or both. However, 
detection of immune processes in our analyses is not possible with the data available. 
Therefore, further investigations are required to gain more knowledge on functions of 
TLRs during development. Immune roles of the TLRs during ontogeny should not be 
underestimated: Many marine invertebrate embryos and larvae live in environments 
rich in microbial pathogens [135, 136]. Pathogens cause mortality of embryos and 
larvae but also provoke anomalies during development [137, 138]. Therefore, these 
embryos and larvae need immune defenses to fight pathogens [136]. Actually, few 
studies have shown that the Toll pathway is involved in immunity during ontogeny in 
arthropods, mollusks and amphioxus [18, 138–140], and other immune-related genes 
have also been found to be involved in immunity during mollusk and echinoderm 
development [139, 141–143]. Additionally, in planulozoans it has been shown that 
TLRs are involved in adult immunity [11, 22–26]. Thus, TLRs are probably also 
involved in immunity during ontogeny across the metazoan tree.  
 
Conclusions 
Based on our data we propose a scenario in which TLRs evolved from an ancestral 
proto-TLR that originated before the split into the cnidarian and the bilaterian lineage. 
Duplications and losses characterize the evolution of TLRs in the main metazoan 
groups. The proto-TLR duplicated in different metazoan lineages and gave rise to three 
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TLR clades. This TLR complement was expanded during Trochozoa evolution, while it 
was lost in some non-trochozoan spiralian lineages (e.g. platyhelminths, 
cycliophorans, micrognathozoans, gastrotrichs and some rotifers). Ecdysozoans 
possess a low number of Clade α and Clade β TLRs; whereas all deuterostome TLRs 
belong to clade β, being originated by radiations in the different lineages. Furthermore, 
our data shows that TLRs are expressed during ontogeny in two ecdysozoan and two 
spiralian species, suggesting that these genes could be involved in development.  
 
Materials and methods 
Genomic and transcriptomic surveys 
We surveyed TLRs 20 genomes and 25 transcriptomes (Supplementary Table 1). 
Overall, only high-quality transcriptomes (Complete BUSCO gene values >70% - 
Supplementary Table 1) were selected, but lower quality transcriptomes were also 
included when they represented a species from a low investigated clade (e.g. the 
loriciferan A. elegans transcriptome (Complete BUSCO gene value 36.2%)). In order 
to search for the TLR sequences, hmmer profiles for the TIR and the LRR domains 
were generated using HMMER software version 3.2.1 [144] (www.hmmer.org). The 
hmmer profile for the TIR domain was compared to each genome/transcriptome using 
the hmmersearch function of HMMER in order to obtain a database of proteins 
containing the TIR domain. Next, the LRR hmmer profile was also compared to the 
TIR domain-containing sequences database by using hmmersearch. These 
sequences were validated by BLAST [145] (www.blast.ncbi.nlm.nih.gov) and SMART 
[146, 147]  (http://smart.embl.de/). Sequences from the same species with >90% 
similarity were considered to be polymorphisms or isoforms and only one of them was 
considered for the analyses.  
Phylogenetic analysis 
The phylogenetic analysis was performed including TLRs obtained from the 
genome/transcriptome surveys, from NCBI database and from the literature. The 
MyD88 protein was selected as an outgroup, including the TIR domain of well 
annotated MyD88 proteins in the alignment. All sequences included in the phylogenetic 
analyses are found in (Supplementary Table 2). The sequences were aligned using 
MAFFT software version 7 applying the L-INS-I algorithm [148]. The alignment was 
 128 
trimmed manually in order to obtain a fragment containing one LRR domain, the 
transmembrane domain, and the TIR domain. This was followed by a second trimming 
step performed with TrimAl software version 1.2 using the gappyout trimming model 
[149]. The final alignment used to perform the phylogenetic analysis contains 375 
amino acids. The maximum likelihood phylogenetic analysis was performed using IQ-
TREE software [150] in the CIPRES Science Gateway V.3.3 [151] 
(http://www.phylo.org). LG+R8 was selected as the best-fit model (according to BIC 
(Bayesian Information Criterion) [152]) and was applied for the phylogenetic 
reconstruction. Bootstrap values were calculated running 1000 replicates using 
ultrafast bootstrap.  
TLR classification 
TLR sequences from the genomic/transcriptomic surveys, as well as the ones obtained 
from the literature and NCBI database, were classified into P-type/mcc and V-type/scc. 
In order to do so, the number of LRR domains was analyzed with LRRfinder software 
[153] (http://www.lrrfinder.com). Next, sequences were classified applying the same 
criteria followed by Brennan and Gilmore, 2018 [13]. Some TLR sequences were 
incomplete and they could not be classified into P-type/mcc or V-type/scc. 
Stage specific transcriptome analyses 
In order to assess the expression of TLR genes, we examined publicly available stage-
transcriptomic data of various developmental stages for the spiralians C. gigas and 
T. transversa and the ecdysozoans P. caudatus and H. exemplaris. For C. gigas, we 
examined 19 developmental time-points from early morula to D-shaped larvae, being 
the transcriptomic data previously published in [104] (accession number: SRR334225-
SRR334243). For T. transversa, 14 stages from oocyte to 2-day juvenile were 
analyzed, being this dataset available from [123]. For P. caudatus, only 5 embryonic 
stages (from zigot to late introvertula) were analyzed. The transcriptomic data was 
obtained from [121]. The 20 H. exemplaris embryonic transcriptomes analyzed (from 
zigot to differentiation) were obtained from [122] (accession numbers: SRR1755597, 
SRR1755601, SRR1755603, SRR1755606, SRR1755610, SRR1755612, 
SRR1755621, SRR1755623, SRR1755627, SRR1755631, SRR1755637, 
SRR1755644, SRR1755647, SRR1755650, SRR1755656, SRR1755662, 
SRR1755666, SRR1755706, SRR1755715, SRR1755719). We first performed 
 129 
quality-trimming on downloaded RNA-seq raw reads using Trimmomatic v.0.38 [154], 
removing low quality or N bases (parameter settings: LEADING:20 TRAILING:20 
SLIDINGWINDOW:4:20). To estimate the transcript abundancies, quality-trimmed 
reads were aligned to reference transcriptome assemblies (C. gigas [104], T. 
transversa and P. caudatus [100], H. exemplaris [112]). We applied two quantification 
methods: an alignment-based method using Bowtie2 [155] and RSEM [124], and the 
ultra-fast alignment-free method kallisto [125]. Both methods reported normalized 
expression values in transcripts per million (TPM), and we further executed cross-
sample normalization among different developmental-stage samples by TMM method 
[156]. To define a criterion for gene expression value in this study, we performed in 
situ hybridization of selected TLR genes at different developmental stages in 
Terebratalia, as well as examining expression values in our analysis corresponding to 
in situ hybridization data of Hox genes in Terebratalia [123] and Wnt genes in Priapulus 
[121]. We considered expression for values ≥ 0.15. 
Animal collection and embryonic cultures 
Adult T. transversa specimens were collected in Friday Harbor, USA. The eggs were 
fertilized, and animals were fixed at different developmental stages with 4% 
paraformaldehyde for 1h at room temperature, as described elsewhere [123, 157]. 
Next, the samples were repeatedly washed in Ptw and stored in 100% methanol. 
Gene cloning, probe synthesis, in situ hybridization and imaging. 
Specific primers for T. transversa TLRs were designed using the MacVector 10.6.0 
software [158]. TLRs were amplified and inserted into pGEM-T Easy vectors 
(Promega, USA) and transformed in competent E. coli cells. Minipreps were prepared 
using NucleoSpin®Plasmid kit (Macherey-Nagel) and sequenced in the Sequencing 
facility of the University of Bergen. RNA probes were transcribed using digoxigenin-
11-UTP (Roche, USA) with the MEGAscript™ kit (Invitrogen, Thermo Fisher). Whole 
mount in situ hybridization (WMISH) was performed as described in [123, 159]. Probes 
were hybridized at a concentration of 1 ng/μl at 67°C during 72h. Next, they were 
detected with anti-digoxigenin-AP antibody [1:5000] (Roche) and developed using 
NBT/BCIP (Roche). Samples were washed twice in 100% ethanol and re-hydrated in 
descending ethanol steps (75%, 50% and 25% ethanol in PBS). Samples were 
mounted in 70% glycerol. Samples were imaged using Axiocam HRc camera 
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connected to an Axioscope Ax10 (Zeiss, Oberkochen, Germany). Images were 
analyzed using Fiji and Adobe Photoshop CS6.  
Illustrations 
Figure plates and illustrations were made with Adobe Illustrator CS6. 
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domain; PBS: Phosphate-Buffered Saline; P-type: Protostome type; PTw: PBS with 
0.1% Tween® 20; RSEM: RNA-Seq by Expectation Maximization; Scc: Single 
cysteine cluster; TIR: Toll/IL-1 receptor; TLR: Toll-like receptor; TLR-Cα: clade α type 
TLR gene; TLR-Cβ: clade β type TLR gene; TLR-Cγ: clade γ type TLR gene; TLR-
Cβ/γ: proto-TLR gene of clades β and γ; TLR-like: Toll-like receptor-like; TM: 
Transmembrane; TMM: Trimmed mean of M values; TPM: Transcripts per million; V-
type: Vertebrate type; WMISH: Whole mount in situ hybridization. 
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Supplementary material Paper I 
 
Supplementary Figure 1. Phylogenetic analysis alignment. Regions rich in gaps located in the positions 150-
220 for TLRs not belonging to the three main clades are marked in magenta. In cyan, we mark the positions 349-














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplementary Figure 2 – Second phylogenetic analysis, excluding the 150-200 amino acid region. 
Parameters applied for the construction of this phylogenetic tree are the same than the ones applied for the main 
phylogenetic analysis (Figure 4A). Bootstrap values are indicated next to the main nodes and all nodes with 




Supplementary Figure 3 - Third phylogenetic analysis, excluding the 349-354 amino acid region. Parameters 
applied for the construction of this phylogenetic tree are the same than the ones applied for the main phylogenetic 
analysis (Figure 4A). Recovered clades are named α, β and γ. Comparison with the main phylogenetic analysis is 
represented with blue and magenta dots. Bootstrap values are indicated next to the main nodes and all nodes with 








Supplementary Figure 4. TLR sequences included in the phylogenetic analyses. Includes the sequences 
obtained in the transcriptomic and genomic surveys, sequences from the literature, and sequences obtained from 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplementary Table 4 - Priapulus caudatus stage specific transcriptome analyses. Analyses for the 
different methods (RSEM and Kallisto) and replicates (Rep 1_and Rep_2). For each method, average and standard 
error (SE) of the two replicates is provided. 
 
PRIAPULUS CAUDATUS 
Values inicate Transcripts per Milion (TEM)         
Rep_1_RSEM 0d 1d 3d 5d 9d  Rep_1_kallisto 
0d 1d 3d 5d 9d 
Pcau-TLRα1 2,551 2,294 1,509 1,016 1,512  Pcau-TLRα1 2,433 2,059 1,487 0,940 1,589 
Pcau-TLRα2 1,471 2,427 1,822 1,983 2,988  Pcau-TLRα2 1,440 2,093 1,767 1,890 3,089 
Pcau-TLRα3 0,000 0,000 0,822 2,371 5,496  Pcau-TLRα3 0,000 0,000 0,825 2,156 4,627 
             
Rep_2_RSEM 0d 1d 3d 5d 9d  Rep_2_kallisto 
0d 1d 3d 5d 9d 
Pcau-TLRα1 7,824 6,555 3,418 2,230 3,617  Pcau-TLRα1 7,609 6,107 3,311 1,985 3,445 
Pcau-TLRα2 0,680 2,285 1,477 2,630 5,675  Pcau-TLRα2 0,724 2,432 1,475 2,469 6,272 
Pcau-TLRα3 0,000 0,000 0,167 1,159 3,396  Pcau-TLRα3 0,000 0,000 0,189 0,667 3,275 
             
RSEM_average 0d 1d 3d 5d 9d  Kallisto_average 
0d 1d 3d 5d 9d 
Pcau-TLRα1 5,188 4,425 2,464 1,623 2,565  Pcau-TLRα1 
5,021 4,083 2,399 1,463 2,517 
Pcau-TLRα2 1,076 2,356 1,650 2,307 4,332  Pcau-TLRα2 
1,082 2,263 1,621 2,180 4,681 
Pcau-TLRα3 0,000 0,000 0,495 1,765 4,446  Pcau-TLRα3 
0,000 0,000 0,507 1,412 3,951 
             
Values indicate Standard Error (SE)          
RSEM_SE 0d 1d 3d 5d 9d  Kallisto_SE 
0d 1d 3d 5d 9d 
Pcau-TLRα1 2,637 2,131 0,955 0,607 1,053  Pcau-TLRα1 2,588 2,024 0,912 0,523 0,928 
Pcau-TLRα2 0,396 0,071 0,172 0,324 1,344  Pcau-TLRα2 0,358 0,170 0,146 0,289 1,592 
Pcau-TLRα3 0,000 0,000 0,328 0,606 1,050  Pcau-TLRα3 0,000 0,000 0,318 0,745 0,676 
             
 
  TEM ≥0,150          
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Abstract 
Background: Nemertea is a clade of worm-like animals, which belongs to a larger 
animal group called Spiralia (together with e.g. annelids, flatworms and mollusks). 
Many of the nemertean species possess a complex central nervous system (CNS) 
with a prominent brain, and elaborated chemosensory and neuroglandular cerebral 
organs, which have been suggested as homologues to the annelid mushroom bodies. 
In order to understand the developmental and evolutionary origins of complex 
nemertean brain, we investigated details of neuroanatomy and gene expression in the 
brain and cerebral organs of the juveniles of nemertean Lineus ruber. 
Results: In the hatched juveniles the CNS is already composed of all major elements 
present in the adults, including the brain (with dorsal and ventral lobes), paired 
longitudinal lateral nerve cords and an unpaired dorsal nerve cord. The TEM 
investigation of the juvenile cerebral organ revealed that the structure is already 
composed of several distinct cell types present also in the adults. We further 
investigated the expression of twelve transcription factors commonly used as brain 
and cell type markers in bilaterian brains, including genes specific for annelid 
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mushroom bodies. The expression of the investigated genes in the brain is region-
specific and divides the entire organ into several molecularly distinct areas, partially 
overlapping with the morphological compartments. Additionally, we detected 
expression of mushroom body specific genes in the developing cerebral organs. 
Conclusions: At the moment of hatching, the juveniles of L. ruber already have a 
similar neuroarchitecture as adult worms, which suggests that further neural 
development is mostly related with increase in the size but not in complexity. 
Comparison in the gene expression between L. ruber and the annelid Platynereis 
dumerilii and other spiralians, indicates that the complex brains present in those two 
species evolved convergently by independent expansion of non-homologues regions 
of the simpler brain present in their common ancestor. The similarities in gene 
expression in mushroom bodies and cerebral organs might be a result of the 
convergent recruitment of the same genes into patterning of non-homologues organs 
or the results of more complicated evolutionary processes, in which conserved and 
novel cell types contribute to the non-homologues structures. 
 
Key words: 
CNS, brain patterning, neuroanatomy 
 
Background 
Nemertea is a clade of ca. 1300 described species of unsegmented worms, which 
predominantly occur in marine environments [1-3]. Phylogenetically, they belong to 
the large animal group called Spiralia (together with e.g. annelids, mollusks and 
flatforms) [4-12], however, despite recent progress in molecular phylogenetics, their 
exact position on the spiralian tree of life remains controversial [6-8, 10, 13]. 
Most nemerteans are active predators, which hunt for their invertebrate prey using a 
specialized eversible proboscis, a morphological apomorphy of the clade [1, 14-18]. 
This active lifestyle is accompanied by a relatively complex nervous system, 
composed of a large, multilobed brain (with two ventral and two dorsal lobes), a pair 
of lateral medullary nerve cords, extensive peripheral network and multiple specialized 
sensory organs [17-29]. Among the latter, the most conspicuous are the so-called 
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cerebral (or cephalic) organs – paired structures of neurosecretory and either chemo- 
or mechanosensory function, located on the lateral sides of the head [17-23, 28, 30-
33]. The exact arrangement of the cerebral organs varies between nemertean clades 
from relatively simple ciliated pits present in some Tubulaniformes, to the complex 
neuroglandular structures connected both directly to the brain and, through the 
convoluted ciliated canal, to the external environment in lineid heteronemerteans [17-
23, 27, 28, 32, 33]. The phylogenetic analysis of morphological traits in nemerteans 
indicated that cerebral organs were already present in the last common nemertean 
ancestor [20]. However, it remains unclear, whether the cerebral organs represent an 
autapomorphy of nemerteans or homologs to some organs present in other spiralians 
such as ciliated pits of flatworms [30, 34] or mushroom bodies of annelids [19, 35, 36]. 
In the present study, we describe the detailed morphology of the nervous system and 
gene expression in the brain and cerebral organs of the juveniles of Lineus ruber 
(Müller, 1774), a directly developing lineid heteronemertean. L. ruber has been studied 
in past for both adult morphology [20, 22-26, 29-31] and some aspects of its 
development [29, 37, 38], including the molecular patterning of anterior-posterior axis, 
germ layers and lateral nerve cords [39, 40]. Comparison of our data with the existing 
morphological descriptions of the adult nervous system in L. ruber [20, 22-26, 29-31] 
and other closely related species, allows a better understanding of the ontogeny of the 
complex nemertean nervous system. Additionally, juxtaposition of gene expression 
profiles in the developing brain of L. ruber with that of other Spiralia [39, 41-48] can 
pinpoint similarities and differences in the molecular patterning of the spiralian brains 
in general, which in turn can inform evolution of the complex nemertean brain. 
Moreover, by comparing gene expression in cerebral organs of L. ruber and 
mushroom bodies of a comprehensively studied annelid P. dumerilii [49], we can 
provide new data to test the homology hypothesis of the cerebral organs of 
nemerteans and mushroom bodies of annelids. 
 
Results 
Morphology of the nervous system in the juvenile L. ruber 
The investigated juveniles of L. ruber were freshly hatched from the egg mass, 42 
days after oviposition [40]. We visualized the nervous system of the juveniles by 
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applying antibody staining against tyrosinated tubulin, FMRF-amide and serotonin (5-
HT), as well as Sytox green nuclear staining and fluorescent in situ mRNA 
hybridization of the choline acetyltransferase (ChAT), a genetic marker of the 
cholinergic neurons [50]. 
 
 
Fig. 1. Schematic drawing of the nervous 
system in 42 days old juveniles of Lineus 
ruber. Anterior is to the top. Abbreviations: 
adn accessory dorsal nerve, an anterior 
nerve, cc ciliated canal, co cerebral organ, 
dbc dorsal brain commissure, dbl dorsal brain 
lobe, dc dorsal commissure, dnc dorsal nerve 
cord, ey eye, fo frontal organ, in intestine, lnc 
lateral nerve cord, mo mouth opening, pb 
proboscis, pc posterior commissure, phn 
pharyngeal nerve, pn proboscis nerve, ppc 
postpharyngeal commissure, psc pharyngeal 
sensory cell, ry rhynchocoel, sdl superior 
branch of the dorsal lobe, tvc transverse 
ventral commissure, vbc ventral brain 





42 days old juveniles have already all major components of the nervous system (Figs. 
1 and 2), which is composed of: 1) central nervous system (CNS) with brain, two lateral 
nerve cords (LNCs) connected by a postpharyngeal and posterior commissures and 
a single dorsal nerve cord (DNC); 2) stomatogastric nervous system (SNS), especially 
well developed in the pharyngeal region; 3) innervation of the proboscis; 4) network of 
fine peripheral nerves; 5) a pair of large cerebral organs; and 6) other sensory 
structures such as frontal organs and frontal sensory nerves. 
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The brain is located anteriorly and is divided into four lobes: two ventral (vbl, Figs. 1 
and 2B, F, H, I) and two dorsal ones (dbl, Figs. 1 and 2A, E). Each lobe is composed 
of the internal neuropile and the external layer of perikarya (Fig. 2C–F, J). Anteriorly 
both dorsal and ventral lobes are connected by dorsal (dbc Figs. 1 and 2A, C, E, G, I) 
and ventral (vbc Figs. 1 and 2B, D, F, H–J) brain commissures, respectively. Thus, 
the brain neuropile forms a ring around rhynchocoel and proboscis (Fig. 1). Posteriorly, 
each dorsal brain lobe is further divided into an inferior and a superior branch. The 
former connects directly to the cerebral organ (see below), while the latter ends blindly 
on the dorsal side of the animal (Figs. 1 and 2E). The neuropiles of the ventral lobes 
posteriorly give rise to the LNCs (Fig. 2D, H, J). FMRF-amide-like immunoreactive 
(FLIR) perikarya and ChAT+ cells have been observed in both dorsal and ventral brain 
lobes (Fig. 2A – F), while serotonin-like immunoreactive (SLIR) perikarya are present 
only in the ventral lobes (Fig. 2H–J). Both dorsal and ventral commissures and 
neuropiles of all brain lobes are composed of FLIR, SLIR and tyrosinated tubulin-like 
immunoreactive (TLIR) neurites (Fig. 2 A–D, G–J). 
Three longitudinal nerve cords originate from the brain: a pair of thick LNCs (lnc, Figs. 
1 and 2A, B, D, F, H–J) and a finer, unpaired DNC (dnc, Figs. 1, 2A, G, I). The LNCs 
are composed of an external layer of perikarya and an internal neuropile (and hence 
represent medullary nerve cords [51]). The neuropiles are densely packed with TLIR, 
SLIR and FLIR neurites (lnc, Fig. 2 A, B, D, H–J), while numerous ChAT+ neuronal cell 
bodies as well as more sparsely distributed FLIR and SLIR perikarya are mostly 
present in the anterior section of each LNC (Fig. 2B, D, F, I, J). The LNCs are 
connected behind the pharynx by a medullary postpharyngeal commissure (ppc, Figs. 
2B, F, H, J), which is composed of TLIR and SLIR neurites as well as few SLIR and 
numerous ChAT+ perikarya (Fig. 2F and J). At the end of the animal body, both LNCs 
converge in a posterior commissure (pc, Figs. 1, 2B, H), which shows the same 
immunoreactivity patterns as neuropiles of LNCs. The DNC originates from the dorsal 
brain commissure. Compared to the LNCs, it is much finer and does not seem to be 
associated with any perikarya (Figs. 2A, G, I). It is composed of only a few TLIR and 
SLIR neurites, while anteriorly, a pair of fine FLIR dorsal accessory nerves branch out 
from it (adn, Figs. 1 and 2A). At the level of the pharynx, a fine, SLIR and TLIR dorsal 
commissure connects dorsal and lateral nerve cords (dc, Figs. 1 and 2I). 
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The SNS is composed of thick TLIR, FLIR and SLIR pharyngeal nerves, which 
originate from the ventral brain lobes and meander around the pharynx (phn, Figs. 1, 
2C, D, J). Numerous sensory FLIR and SLIR cells are located along the pharyngeal 
nerves (psc, Fig. 1; double arrowheads Fig. 2D, J). Each of those cells has a basal 
connection to the pharyngeal nerve and an apical process pointing towards the 
pharyngeal lumen. 
Some neural structures are also associated with the proboscis. Two longitudinal TLIR 
and FLIR nerves extend along the proboscis (pn, Figs. 1 and 2C), however their exact 
origin in the brain remains unclear. Scattered ChAT+ cells, of probably sensory 
function, are present in the epidermis of the proboscis (yellow arrowheads, inset in 
Fig. 2E). 
The extensive network of peripheral nerves was detected, especially evident on the 
ventral side of the animal. It is composed of regular transverse ventral TLIR 
commissures (tvc, Fig. 1; arrowheads, Fig. 2B), some of which are additionally SLIR 
(arrowheads, Fig. 2H–J). A less regular network of SLIR intraepidermal neurites is 
present on both dorsal and ventral sides of the juvenile (Fig. 2 G–J).  
A pair of conspicuous cerebral organs is located on the lateral sides of the head, just 
behind the brain (co, Figs. 1, 2C and E). More details of their morphology can be found 
in the following section. Other sensory structures, detected in addition to the cerebral 
organs, includes FLIR and ChAT+ anterior sensory cells (asc, Figs. 1 and 2 C, E), 
which likely contribute to the so-called frontal organs [19, 22, 23, 25], and numerous 
SLIR cephalic nerves extending anteriorly from the brain (an, Figs. 1 and 2H). 
Although 42 days old juveniles already possess rudiments of eyespots [40], we were 
not able to conclusively detect them in our investigation. 
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Fig. 2. Morphology of the nervous system in 42 days old juveniles of L. ruber visualized with CLSM and 
antibody staining against tyrosinated tubulin (yellow, panels A–D), FMRF-amide (magenta, panels A–
D) and serotonin (green, panels G–J) as well as Sytox green nuclear staining (cyan, panels E, F) and 
in situ hybridization with probe against choline acetyltransferase (red, panels E, F). Entire animal in 
dorso-ventral projection with a focus on dorsal (A, G) and ventral (B, H) structures; anterior part of the 
animal in dorso-ventral projection with a focus on dorsal (C, E) and ventral (D, F, J) structures, inset in 
panel E shows ChAT expression in the proboscis (yellow arrowheads); I lateral projection of the entire 
animal. Anterior is to the top on all panels. Scale bars 20 μm. Abbreviations: adn accessory dorsal 
nerve, an anterior nerve, asc anterior sensory cell, cc ciliated canal, co cerebral organ, dbc dorsal brain 
commissure, dbl dorsal brain lobe, dc dorsal commissure, dln dorsal lobe neuropile, dlp dorsal lobe 
perikaryon, dnc dorsal nerve cord, lnc lateral nerve cord, pb proboscis, pc posterior commissure, phn 
pharyngeal nerve, pn proboscis nerve, ppc postpharyngeal commissure, sdl superior branch of the 
dorsal lobe, sns stomatogastric nervous system, vbc ventral brain commissure, vbl ventral brain lobe, 
vln ventral lobe neuropile, vlp vetral lobe perikaryon. White arrowheads indicate transverse ventral 
commissures, double white arrowheads pharyngeal sensory cells and asterisks the mouth opening. 
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EdU staining in 60 days old juveniles showed that most of the brain cells at this later 
developmental stage are not mitotically active in contrast to the cells in other organs, 
such as proboscis, rhynchocoel or cerebral organs (Fig. 3A and B). 
 
Detailed morphology of the cerebral organs 
Each cerebral organ is composed of two parts: a distal ciliated canal (cc, Figs. 1, 2C, 
4B, C), which opens to the exterior on the side of the head (in the posterior part of the 
so called lateral cephalic slit), and a proximal neuroglandular portion (co, Figs. 1, 2C). 
The lumen of the ciliated canal is slightly curved in 42 days old juveniles, but the 
characteristic triple right-angle bends, present in the adult lineids [30-32] are not yet 
evident (cc, Fig. 2C). The ciliated canal connects the external environment with the 
neuroglandular part, which itself is firmly attached to the superior branch of the dorsal 
brain lobe (Fig. 1, 2E, and 4B, C). A thick TLIR and FLIR nerve of cerebral organ 
extends from the most posterior part of the dorsal lobe neuropile and penetrates the 
neuroglandular portion of the cerebral organ (con, Fig. 4C). We detected a few FLIR 
and much more numerous ChAT+ cells in the neuroglandular portion of the organ 
(arrowhead, Fig. 4C and arrow, Fig. 4B, respectively), while serotonin-like 
immunoreactivity was not detected (data not shown). 
To gain further insight into the morphology of the cerebral organs, we supplemented 
the afore-mentioned confocal laser scanning microscopy (CLSM) based methods with 
ultrathin sectioning of resin-embedded specimens (60 days old juveniles) and TEM 
examination of the organ. That allowed us to describe the fine structure of the cerebral 
organ and ultrastructure of the particular cell types contributing to it. Since all detected 
cell types correspond directly to the ones described previously by Ling in his 




Fig. 3. Proliferating cells in the head of 60 days old 
juveniles of L. ruber visualized by incorporation of EdU 
(magenta), counterstained with nuclear marker 
Hoechst (cyan). Dorso-ventral Z-projections of brain 
region (A) and cerebral organ (B), with anterior to the 
top. Scale bars 25 μm. Abbreviations: br brain, co 












We investigated cross-sections through the neuroglandular portion of the cephalic 
organ. The mass of the organ is located between the proboscis and the lateral nerve 
cords (Fig. 4A) and it is penetrated by both the cerebral organ nerve (con) and the 
ciliated canal (cc). The ciliated canal is divided into two parallel parts: a larger major 
ciliated canal (mjc) and a smaller minor ciliated canal (mnc) (Fig. 4G). Based on the 
ultrastructure, six distinct cell types can be distinguished in the sectioned area of the 
cerebral organ. The most numerous are type 1 bipolar cells (bc1), which constitute the 
majority of the cells in the neuroglandular mass (Fig. 4D, E). Their relatively small 
nuclei are roughly polygonal in cross-section and have dark nucleoplasm with the 
irregularly distributed chromatin (Fig. 4D). The very similar type 2 bipolar cells (bc2) 
are much less frequent (Fig. 4E). They have the same nuclear size and shape as well 
as chromatin arrangement as bc1, but their nucleoplasm is electron-translucent (Fig. 
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4E). A relatively few ganglion cells (gc) are present in the vicinity of the nerve of 
cerebral organ (Fig. 4D, E). Those cells have large nucleus that is almost circular in 
section and displays an electron-translucent nucleoplasm with nucleolus and 
irregularly distributed chromatin (Fig. 4D). On the dorsolateral side of the cerebral 
organ a single, large, irregularly shaped cell has been identified as neuroglandular cell 
(ngc, Fig. 4D–F). Its branching, spacious cytoplasm is filled with numerous electron-
dense inclusions. Additionally, the Golgi apparatus was observed in the cytoplasm 
(ga; inset, Fig. 4F). A single neuroglial cell (ng) was observed on the opposite, ventro-
median side of the organ (Fig. 4E). It is less voluminous than the neuroglandular cell, 
has a darker cytoplasm and more densely packed inclusions. A structure interpreted 
as a neuroglial axon is visible ca. 3 μm from the neuroglial cell body (ax; inset, Fig. 
4E). The cells of the ciliated canal (ccc) represent the last cell type visible on the 
examined cross section (Fig. 4D, E). The apical surface of those cells is densely 
packed with cilia, which are equipped with asymmetrically bifurcating ciliary rootlets 
(cr; inset, Fig. 4G). Numerous mitochondria are present just below the ciliary rootlets, 
while the lateral sides of the cells are connected apically by desmosomes (mt and ds, 
respectively; inset, Fig. 4G). The cilia on the border of the major and the minor canals 
(lcc) are characteristically dilated and form a septum that divides both canals (inset, 
Fig. 4G). Those cilia indicate the presence of the seventh cell type, lappet cells, 
although the cells themselves could not be told apart from the other cells of the ciliated 
canal.  
EdU staining of mitotically active cells in the 60 days old juveniles indicted intensive 
proliferation in cerebral organs, especially in its anterior region (Fig. 3B). 
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Fig. 4. Detailed morphology of cerebral organs in juveniles of L. ruber. TEM micrographs of cerebral 
organs in 60 days old juvenile, showing cross section (A) and details of particular regions of the organ 
(D–G). Z-projections of cerebral organs in 42-days old juveniles visualized with Sytox green nuclear 
staining and in situ hybridization with probe against ChAT (cyan and red, respectively; B) and antibodies 
against FMRF-amide and tyrosinated tubulin (magenta and yellow, respectively; C). Cerebral organs 
are outlined in red (A) and white (B, C). Orientation inside the animal is indicated in the top-right corners 
in panels A–C (A, anterior; P, posterior; D, dorsal; V, ventral; M, median; L, lateral). Micrographs in 
panels D–G, show magnified areas of panel A. White outlined boxes on panels E, F, G indicates areas 
magnified in corresponding insets. Abbreviations: ax neuroglia axon, bc1 bipolar cell type1, bc2 bipolar 
cell type 2, bv blood vessel, cc ciliated canal, ccc ciliated canal cell, con nerve of cerebral organ, cr 
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ciliary rootlet, dbl dorsal brain lobe, ds desmosome, ga Golgi apparatus, gc ganglion cell, lcc dilated 
cilia of lappet cell, lnc longitudinal nerve cord, mjc major ciliated canal, mnc minor ciliated canal, mt 
mitochondrium, ng neuroglia, ngc neuroglandular cell, pb proboscis, ry rhynchocoel. White arrow 
indicates ChAT+ cells in cerebral organ, white arrowhead FMRF-amide-like immunoreactivity in cerebral 
organ. 
 
Gene expression in the head 
We investigated expression of 12 transcription factors (TFs), which have a role in CNS 
development of many bilaterians. Those genes include the conserved general brain 
markers (otx, bf1), genes involved in brain regional specification (pax6, nk2.1, nk2.2, 
rx, otp) and other neural genes, which are co-expressed in the annelid mushroom 
bodies (dach, emx, arx, svp, tll). 
Expression of otx has been previously described for earlier developmental stages of 
L. ruber, in which the gene has a general anterior expression in the head [40]. In the 
42 days old juveniles, which we investigated, the gene otx is predominantly expressed 
in the brain (Fig. 5A and B) and cerebral organs (Figs. 5A, 6B). In the brain, otx is 
broadly and uniformly expressed both in dorsal and ventral lobes (Fig. 5A and B). In 
the cerebral organs it is also widely expressed, both in the ciliated canal and 
neuroglandular part (Fig. 6B). A similar expression pattern of otx in the brain and 
cerebral organs has been also reported from developing juveniles of closely related 
Lineus viridis [52]. 
bf1 is expressed in the brain, cerebral organs, scattered cells in the anterior epidermis 
and in the rhynchocoel (Figs. 5C and D, 6C). In the brain bf1 is broadly expressed in 
the dorsal lobe (Fig. 5C), but in the ventral one it is only detectable in the lateral 
clusters of cells (Fig. 5D). The detected expression of bf1 in the cerebral organ is very 
strong in the neuroglandular part, whereas we did not detect a signal in the ciliated 




Fig. 5. Expression of investigated transcription factors in the heads of 42 days old juveniles of L. ruber. 
A–X fluorescent in situ RNA hybridization, for each panel the name of the hybridized gene is shown in 
the white box above the micrographs. Fluorescent signal from RNA probes is in red, from antibody 
staining against tyrosinated tubulin in yellow and brain lobes are outlined in white. All animals are shown 
in dorso-ventral projection with anterior to the top; the letter in the top-right corner of each panel 
indicates whether focus is on dorsal (d) or ventral (v) structures. Detailed expression patterns are 
described in the text. Magenta arrowheads indicate expression in the cerebral organs, blue in the 
rhynchocoel, green in the lateral cephalic slits, white in the proboscis. Scale bars 20 μm. Y map of gene 
expression in the L. ruber brain. Grey bars indicate that gene is expressed in a particular brain region. 
Abbreviations: DA dorso-anterior brain domain, DL dorso-lateral brain domain, DM dorso-median brain 
domain, VA ventro-anterior brain domain, VL ventro-lateral brain domain, VM ventro-median brain 
domain. 
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Expression of pax6, nk2.1 and nk2.2 has been previously investigated in the juveniles 
of L. ruber in relation to the nerve cord patterning [39], however, the expression of 
those three genes in the brain was not described in the details that we provide here. 
In the head region, pax6 is expressed in the brain, the epidermal cells of the lateral 
cephalic slits and in the cerebral organs (Figs. 5E and F, 6D). The gene is broadly 
expressed in the dorsal lobes (Fig. 5E), while in the ventral ones its expression is 
restricted to the lateral portions of the brain (Fig. 5F). In the cerebral organs the gene 
is expressed in the stripe of cells on the lateral side of the neuroglandular portion (Fig. 
6D). 
In the head region, nk2.1 is expressed in the brain and proboscis (Fig. 5G and H). In 
the dorsal lobes the gene is expressed only in the small lateral clusters of cells (Fig. 
5G), while on the ventral side the gene is broadly expressed both in the median and 
lateral domains (Fig. 5H). nk2.1 is not expressed in the cerebral organs. 
nk2.2 is expressed in the brain, proboscis and cerebral organs (Fig. 5I and J). In the 
dorsal brain lobes, the gene is expressed in large clusters of posterior cells and in 
scattered anterior domains (Fig. 5I), whereas ventrally, it is expressed in median and 
lateral cell clusters (Fig 5J). Expression in the cerebral organs is detected in isolated 
domains of both ciliated canal and neuroglandular portion (Fig. 5I). 
The gene rx is expressed in the brain, anterior sensory organs, epidermal cells of 
lateral cephalic slits and in the cerebral organs (Figs. 5K and L, 6E). Dorsally, the gene 
is expressed in isolated cells distributed relatively uniformly throughout the brain lobes 
(Fig. 5K). In the ventral lobes, rx is expressed only in a pair of postero-lateral cell 
clusters (Fig. 5L). In the cerebral organs, the gene is specifically expressed in the 




Fig. 6. Details of gene expression in the cerebral organs of 42 days old juveniles of L. ruber. 
A schematic drawing of the cerebral organ and accompanying neural structures, orientation in the 
animal is indicated in bottom-right corner (A, anterior; P, posterior; M, median; L, lateral).  Abbreviations: 
cc ciliated canal, con nerve of cerebral organ, dbl dorsal brain lobe. B–J fluorescent in situ RNA 
hybridization, for each panel the name of hybridized gene is provided in the bottom-right corner. 
Fluorescent signal from RNA probes is in red, from antibody staining against tyrosinated tubulin in 
yellow and from Sytox green nuclear staining in cyan; cerebral organs are outlined in white. The detailed 
expression patterns are described in the text. White arrowhead indicates arx+ cell at the posterior side 
of the ciliated canal opening. Scale bars 10 μm. 
 
Expression of otp is detectable in the brain, LNCs, and numerous anterior sensory 
cells (Fig. 5M and N). In the dorsal lobes, the gene is expressed only in a relatively 
few lateral cells (Fig. 5M), while ventrally it is also predominantly expressed in the 
lateral cells of the brain lobes, but its expression was also detected in the more median 
cells contributing to the mouth innervation and anterior part of the LNC (Fig. 5N). 
In the head region, the gene dach is expressed in the brain, cerebral organs, proboscis 
and few isolated anterior cells (Figs. 5O and P, 6F). The expression in the brain is 
rather uniform and transcripts of the gene were detected in all regions of both dorsal 
and ventral lobes (Fig. 5O and P). In the cerebral organs, the gene was detected in 
some of the cells of both the ciliated canals and the neuroglandular portion (Fig. 6F). 
Expression of the gene emx was detected in the brain, cerebral organs, proboscis, 
and cells along anterior cephalic nerves (Figs. 5Q and R, 6G). In the brain the gene is 
expressed only in a few cells in the ventro-median domain (Fig. 5R). In the cerebral 
organs the gene transcripts were detected in the cells at the posterior side of the 
 345 
ciliated canal opening and in a single median cell in the neuroglandular part of the 
organ (Fig. 6G). 
The TF arx has a broad expression in the anterior body of the juvenile L. ruber. It is 
expressed in the brain, rhynchocoel, epidermal cells, anterior sensory cells and in the 
cerebral organs (Figs. 5S and T, 6H). In both dorsal and ventral brain lobes, its 
expression was detected in numerous anterior, lateral and median cells (Figs. 5S and 
T). In contrast, the expression in the cerebral organs was restricted to a single cell at 
the posterior side of the ciliated canal opening (Fig. 6H). 
The gene svp is also broadly expressed in anterior structures; its expression was 
detected in the brain, cerebral organs, LNCs, anterior sensory cells and proboscis 
(Figs. 5U and V, 6I). In the dorsal brain lobes, it is expressed in cells distributed 
through the lateral and median regions (Fig. 5U), while ventrally it is expressed 
uniformly in the entire ventral lobes (Fig. 5V). In the cerebral organs, expression of 
svp was detected in some anterior and lateral cells of the neuroglandular part (Fig. 6I). 
Transcripts of the gene tll were detected in the brain, cerebral organs and proboscis 
(Figs. 5W and X, 6J). Expression in the brain was restricted just to a few cells 
posteriorly to the ventral commissure (Fig. 5X). Signal from the probes against tll was 
extremely strong in the cerebral organs (Fig. 5W and X) and was observed throughout 
the entire structure in cells of both the ciliated canal and the neuroglandular portion 
(Fig. 6J). 
The brain of the juvenile L. ruber is divided by commissures and lobe neuropiles into 
eight regions: unpaired dorso-anterior, dorso-median, ventro-anterior and ventro-
median regions as well as paired dorso-lateral and ventro-lateral areas (Fig. 5Y). 
Mapping of the above-described gene expression patterns onto those brain domains 
reveled that most of the regions express unique combination of the TFs (Fig. 5Y). The 
only brain regions which seem to express the same sets of TFs are dorsal and ventral 
lateral domains (Fig. 5Y). 
 
Gene co-expression during brain development 
To further explore co-expression of some of the TFs in the brain, we performed double 
in situ hybridization of the selected brain patterning genes (nk2.1, nk2.2, pax6 and rx). 
In addition to the investigation of 42 days old juveniles, we also examined co-
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expression of those genes in the earlier developmental stage, 25 days old early 
juveniles, in order to test whether the observed co-expression patterns are conserved 
throughout ontogenesis. 
The CNS of 25 days old juveniles shows much simpler morphology when compared 
to the hatched juveniles (Fig. 7A). It is composed of LNCs, which merge anteriorly in 
the brain with two commissures – a thicker ventral and thinner dorsal – that form a ring 
shaped neuropile around the developing proboscis rudiment. At this developmental 
stage, the brain is not yet divided into the dorsal and ventral lobes and the cerebral 
organs are not fully formed, being mainly composed by the ciliated canal, that is not 
directly connected with the brain [40]. 
In the brain of 25 days old juvenile, nk2.1 is expressed along the ventral commissure 
and in the lateral parts of the brain (Fig. 7B, C, E, G). In its lateral domains the gene 
is co-expressed with pax6 (blue arrowheads, Fig. 7B and C) and rx (blue arrowheads, 
Fig. 7G). Additionally, some of the lateral nk2.1+ cells also express nk2.2 (blue 
arrowheads, Fig. 7E). The more median nk2.1+ cells that are associated with the 
ventral commissure are devoid of pax6, nk2.2 and rx expression (white arrowheads, 
Fig. 7C, E, G). In addition to the expression in lateral domains, pax6, nk2.2 and rx are 
also expressed in cells associated with the dorsal commissure, which do not co-




Fig. 7. Co-expression of brain patterning genes in the developing brain of L. ruber. A morphology of 
the brain in 25 days old juveniles. B–G co-expression in the brain of 25-days old juveniles. H–M co-
expression in the brain of 42-days old juveniles. For each panel the color-coded names of hybridized 
genes are shown in the white box above the micrographs. White and red arrowheads indicate exclusive 
expression of one of the hybridized genes, blue arrowheads indicate co-expression. All animals are 
shown in dorso-ventral projection with anterior to the top; the letter in the top-right corner of each panel 
indicates whether the focus is on dorsal (d) or ventral (v) structures. Micrographs on panels B–M are 
not to the scale. Abbreviations: co cerebral organ, dbc dorsal brain commissure, lnc lateral nerve cord, 
pb proboscis rudiment, ph pharynx. 
 
The analysis of gene co-expression in the 42 days old juveniles generally corroborates 
the expression map based on single gene hybridization, however it allows more 
detailed description of the brain molecular regionalization. In the dorsal brain pax6 is 
broadly expressed in the lateral and median domains (white arrowheads, Fig. 7H) and 
only small clusters of lateral cells co-express pax6 and nk2.1 (blue arrowhead, Fig. 
7H). In the ventral lobes, the lateral cells co-express pax6 and nk2.1 (blue arrowheads, 
Fig. 7I), while cells in the median domain express only nk2.1 (white arrowhead, Fig. 
7I). nk2.1 and nk2.2 are not co-expressed in the dorsal brain (Fig. 7J). nk2.1 is 
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expressed in the most lateral cells of the dorsal brain (white arrowheads, Fig. 7J), 
while nk2.2 is expressed in the large, more posterior domains and in scattered cells in 
the anterior brain region (red arrowheads, Fig. 7J). In the ventral brain, both genes are 
co-expressed in the postero-lateral and median domains (blue arrowheads, Fig. 7K), 
however nk2.1 has much broader ventral expression with many nk2.1+ cells devoid of 
nk2.2 expression (white arrowheads, Fig. 7K). rx is expressed in scattered anterior, 
median and lateral cells in the dorsal brain, which do not co-express nk2.1 (white 
arrowheads, Fig. 7L). In the lateral parts of the brain some cells co-express rx and 
nk2.1 (blue arrowheads, Fig. 7L), while some nk2.1+ cells do not express rx (red 
arrowheads, Fig. 7L). In the ventral brain the antero-lateral and median nk2.1+ cells 
do not express rx (white arrowheads, Fig. 7M), while small clusters of postero-lateral 
cells co-express both genes (blue arrowheads, Fig. 7M).  
On the whole, comparison of gene co-expression between 25- and 42-days old 
juveniles shows that the general molecular patterning of the developing brain is 
retained throughout development. The ventro-median region expresses nk2.1 but not 
pax6 nor rx. The lateral brain includes cells co-expressing nk2.1 with pax6, nk2.2 and 
rx, while dorsal brain is mainly composed of pax6, nk2.2 and rx positive cells which do 
not co-express nk2.1. The differences between both life stages are primarily 
associated with the more complex architecture of the brain in 42 days old juveniles, 
which requires a more intricate developmental control, nevertheless the most general 
gene expression patterns are conserved. 
Discussion 
Comparison of juvenile and adult morphology 
Nervous system has been investigated in great detail in adult Lineus ruber [20, 22-26, 
29-31] and Lineus viridis [19, 20, 24, 25], a morphologically similar species that 
belongs to the same species complex [53, 54]. Comparison between the juvenile and 
adult worms reveals that all major nervous structures described in the adults are 
already present in the 42 days old juveniles, indicating that at this stage the general 
neuroarchitecture is already fully formed and that further development is mostly 
related with increase in the size but not morphological complexity. The same pattern 
is observed in number and diversity of cell types contributing to the cerebral organs. 
There are, however, some minor differences in immunoreactivity patterns between 
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both life stages. For instance, SLIR perikarya have been reported in the dorsal brain 
ganglia of adult L. ruber [23], while we observed immunoreactivity against serotonin 
only in the ventral brain ganglia of the juveniles (Fig. 2I). This indicates, that even 
though the general morphology of the brain is already established at the moment of 
hatching, the following growth of the brain is not purely quantitative, but also new cell 
types are added in some brain regions during further development. Moreover, staining 
of mitotically active cells showed that in 60 days old juveniles cell proliferation in the 
brain is lower than in the other organs, while the cells of the cerebral organs are still 
intensively dividing (Fig. 3), indicating allometric growth of the CNS. 
The major postpharyngeal commissure, which ventrally connects the lateral nerve 
cords, is the only juvenile neural structure which does not correspond directly to any 
of the elements of the adult nervous system of L. ruber [20, 22, 29] or, to our best 
knowledge, of any other nemertean, which nervous system has been studied thus far 
[e.g. 17-19, 20, 21, 28, 55-58]. In adult nemerteans, the lateral nerve cords are 
connected by numerous delicate ventral commissures, that are composed just of 
bundles of neurites and are considered as part of the peripheral nervous system. 
Conversely, the postpharyngeal commissure described in this study is associated with 
few SLIR and numerous ChAT+ perikarya and has typical medullary arrangement, 
markedly different from the remaining ventral commissures (Figs. 1 and 2). There are 
two possibilities to explain this discrepancy in morphology of both stages: either the 
commissure degenerates during ontogeny or, due to the allometric growth, becomes 
much less prominent in later developmental stages and was overlooked in previous 
investigations. 
Nevertheless, the observation of the postpharyngeal ventral commissure in a 
nemertean is interesting since similar structures are present in numerous annelids 
(e.g. the first commissure connecting ventral nerve cords [59-64]), as well as in all 
major clades of gastrotrichs [65-67] and gnathiferans [68-71]. Therefore, the 
distribution of this character on the phylogenetic tree raises the possibility that the 
ventral postpharyngeal commissure connecting the major nerve cords might represent 
a plesiomorphic spiralian trait retained in some form in numerous clades. 
 
Expression of brain patterning genes in Spiralia 
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Molecular patterning of the brain has been investigated in relatively many spiralians, 
representing diverse clades with broad spectrum of morphological complexity of their 
brains (Tab. 1). Among those species, the best studied is the annelid Platynereis 
dumerilii, which possesses a relatively complex brain with multiple morphologically, 
functionally and developmentally distinct regions [42, 49, 72-74]. One of the important 
characteristics of gene expression patterns during the development of the P. dumerilii 
brain is regional restriction of nk2.1 expression to the ventro-median region and pax6 
expression in the lateral domains (including eyes and mushroom bodies), with only 
the minimal overlap of expression of both genes (Fig. 8A; [42, 49]). This expression 
pattern resembles the one observed in vertebrates [75, 76] and has been proposed 
as an ancestral bilaterian trait [42]. Although a comparable expression of those two 
genes is also witnessed in some Spiralia (Tab. 1), including other annelids [43, 47, 
48], rotifers [39] and brachiopods [39, 46, 77-79], we did not retrieve a similar pattern 
in neither 25- nor 42-days old juveniles of L. ruber (Figs. 7B, C, H, I and 8B). nk2.1 is 
indeed mostly expressed in the ventral domain (Figs. 5H, 8B), however, it is broadly 
co-expressed with pax6 in the ventral lobes and in the small dorso-lateral domains 
(Figs. 7H, J, 8B); while pax6 shows expression not only in the lateral domains but is 
generally broadly expressed throughout the entire brain (including the dorso-median 
domain), with the only exception of the small ventro-median region (Figs. 5E, F, 8B). 
A very similar expression of nk2.1 and pax6 has been observed in planarians, where 
nk2.1 is expressed mostly in the ventral portion of the brain [44, 45], while one of the 
pax6 paralogs, pax6A, is broadly expressed in the brain tissue [44, 80]. A further 
parallel between planarians and Lineus is associated with a seemingly diminished role 
of pax6 in eye formation: pax6 is not expressed during eye development neither in L. 
ruber (this study) nor in L. viridis [81] (although it seems to have a role in eye 
regeneration in L. sanguisues [81]), while in flatworms eye regeneration has been 
demonstrated to be pax6 independent [80]. The role of pax6 in eye patterning is 
otherwise highly conserved among bilaterians [e.g. 82, 83, 84]. Due to the unstable 
position of Nemertea on the spiralian phylogeny [e.g. 6-8, 10], it is currently impossible 
to determine whether those similarities between platyhelminths and nemerteans are 
due to the convergent evolution, a common evolutionary innovation or retention of 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 8. Comparison of gene expression in the CNS of (A) annelid Platynereis dumerilii (based on results 
from [41, 42, 49]) and (B) nemertean Lineus ruber (based on current study and [39]). 
 
Another important differences in expression of brain patterning genes between L. 
ruber and other Spiralia includes the expression of nk2.2 within numerous brain 
domains of L. ruber (while the gene lacks brain expression not only in annelids [41, 
43], but also in brachiopods [39] and flatworms [87]) as well as broad expression of rx 
in the dorsal lobes of the nemertean brain (versus their more rostral expression in P. 
dumerilii [42, 49]). Altogether this comparison shows that complex brains of 
nemerteans, and especially their dorsal lobes, show little resemblance in the 
molecular patterning to the complex brains of P. dumerilii (Fig. 8), which in turns seem 
to share more molecular similarities with simpler brains of other annelids and apical 
organs of brachiopod larvae (Tab. 1). This observation, in concert with morphological 
data [21, 64, 88], indicates that complex brains of nemerteans and errant annelids 
evolved convergently, due to e.g. similar selective pressure associated with 
predatory/active life style [89]. We propose that the increase in the brain size and 
complexity in those two lineages was achieved by independent expansions of non-
homologous regions of simpler brains present in their respective ancestors. 
Some of the investigated nemertean brain patterning genes are also expressed in the 
proboscis (nk2.1, nk2.2, dach, svp, tll) and rhynchocoel (bf1, arx), two morphological 
apomorphies of Nemertea [15, 16]. Taking into account that the proboscis is a highly 
innervated structure [this study; also 15-20, 22, 23, 25, 26, 29, 57, 58, 90], the neuronal 
 353 
genes in the proboscis might be expressed in the developing neuronal network of the 
organ. Comparable results were obtained by body region-specific transcriptomics of 
the nemertean Notospermus geniculatus, in which expression of some of the neuronal 
markers (e.g. elav, syt12) was also detected in the proboscis [91]. Expression of arx 
and bf1 in the rhynchocoel, a coelom derived structure [16, 92], seems more peculiar, 
since those genes have a generally conserved neuroectodermal expression in 
Bilateria [46, 93-97]. However, arx is also expressed in clade-specific morphological 
structures of brachiopods (in chaetal sacs and protegulum forming epithelium [98, 
99]), annelids (in chaetal sacs [100]) and mollusks (in radula formative tissue [101]). 
Therefore, our data just further expand the list of potential co-options of arx into 
patterning of spiralian evolutionary novelties. 
 
Are mushroom bodies and cerebral organs derived from the same ancestral organs? 
In numerous annelid brains, morphologically distinct structures, referred to as 
mushroom bodies, are present, which have allegedly chemosensory and cognitive 
functions [35, 36, 49, 73, 102-107]. There is an ongoing discussion on whether those 
structures are part of the ancestral annelid body plan or whether they evolved more 
recently in one of the annelid subclades [35, 73, 108]. However, their phylogenetic 
distribution (especially the lack of comparable structures in Palaeoannelida and 
Sedentaria [64, 88, 109]) favors the latter option [64, 88, 108, 110]. 
Nevertheless, morphologically similar structures are also present in Panarthropoda 
[36, 105, 111-114], which lead some authors to the idea that mushroom bodies-like 
structures were already present in the common protostome ancestor [36, 49, 73, 105]. 
Although similarities in molecular patterning of annelid mushroom bodies and 
vertebrate pallium led to the assumption that both structures originated from the same 
sensory and associative brain center of hypothetical ancestral bilaterians [49], such 
homology statements, based on observation of only two phylogenetically distant 
clades, are always at the best case highly tentative [89, 115]. 
Cerebral organs of nemerteans, in contrast to the annelid mushroom bodies, can be 
unequivocally reconstructed as present in the last common nemertean ancestor [20, 
22, 28]. However, it remains unresolved whether they are nemertean evolutionary 
novelty or rather homologs of the mushroom bodies of annelids [19, 35, 36] or the 
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lateral ciliated pits present in catenulids and macrostomids [30, 34, 116, 117], the two 
earliest sequentially branching platyhelminth clades [118]. Similarities between the 
mushroom bodies of annelids and the cerebral organs of nemerteans are rather 
superficial: the former are integral parts of the brain and are not connected to the 
external realm, while the latter are always contacting ambient environment and, 
especially in Hoplonemertea, might be spatially separated from the CNS [17, 28, 32, 
33]. On the other hand, the function, general morphology, connectivity and fine 
structure of cerebral organs of nemerteans and ciliated pits of flatworms bear a strong 
resemblance [30, 34, 116, 117], making their homology much more likely. Taking into 
account the arrangement of the cerebral organs in various nemertean clades, the 
“ciliated pit” organization seems to represent an ancestral character state also in 
nemerteans [19-21]. If one accepts that the cerebral organs of nemerteans and ciliated 
pits of catenulids and macrostomids are homologues [34], then, depending on the 
phylogenetic position of nemerteans, there are two possible scenarios of their 
evolution: 1) If nemerteans are sister group to platyhelminths (Parenchymia 
hypothesis [7, 119]), then the ciliated pits-like structures represent a synapomorphy of 
Parenchymia. 2) On the other hand, if nemerteans are closer to annelids than 
flatworms [5, 6, 8, 10], then the presence of ciliated pits might represent a 
plesiomorphic condition, present also in the annelid ancestor. 
In the face of the above-discussed concerns about the homology of mushroom bodies 
and cerebral organs, we were surprised to find that cells constituting the cerebral 
organs express the same set of transcription factors as mushroom bodies of annelids 
(with both structures being additionally free of nk2.1 expression). Although all nine of 
the annelid mushroom body markers, which expression we tested, were expressed in 
the cerebral organs of L. ruber, they were not co-expressed uniformly throughout the 
entire structure. Some genes (otx, bf1, dach and tll) were expressed in all regions of 
the organ, while others were restricted only to some cells in the neuroglandular portion 
(pax6, emx, svp) or the ciliated canal (rx, emx, arx). The complicated landscape of 
TFs expression in L. ruber correlates well with the fact, that the cerebral organs of 60 
days old juveniles are already composed of numerous diverse cell types, including 
neurons, glia cells, glandular cells and ciliated epidermal cells (Fig. 4) as well as still 
dividing, possibly not fully differentiated, cells (Fig. 3). Unfortunately, with the 
resolution of our data, we were not able to pinpoint co-expression of particular TFs 
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with specific cell types contributing to the organ. In P. dumerilii these TFs are also not 
expressed uniformly in the entire mushroom body and show regionalized expression 
[49], however, their regionalization does not simply correspond to the one observed in 
the cerebral organs of L. ruber. For example, otx and tll are expressed only in the 
subset of neurons constituting mushroom body, while expression of pax6, arx and svp 
is detected in most of the cells forming the organ [49]. Therefore, even though the 
same set of genes is expressed in both types of organs, their exact co-expression in 
particular cell types is probably divergent and the apparent similarities in gene 
expression profiles between both organs might be more superficial than they appear 
on the first sight. 
A further problem with the interpretation of the gene expression patterns in the cerebral 
organs is related to the fact that, both in annelid and in nemertean, it remains unknown 
whether those TFs interact in the same gene regulatory network (GRN) or whether 
they are independently expressed in different, unrelated cell types. If they are part of 
the same GRN, then co-option of the ancestral regulatory program into patterning of 
non-homologues structures might explain the observed similarities. If indeed the 
ciliated pits-like structures, homologues to the cerebral organs of nemerteans, were 
present in the annelid ancestor (see above) it is possible to envision a recruitment of 
the established genetic control of those organs into the patterning of chemoreceptive 
portion of the brain in the ancestral errant annelid. On the other hand, if the genes are 
not part of the same GRN and instead act independently in particular cell types (which 
is supported by non-corresponding, region-specific expression of particular TFs in 
mushroom bodies and cerebral organs) a more complicated mechanism might 
account for the observed similarities. For instance, some of the cell types present in 
both organs might be homologues and derived from the common ancestor, but the 
organs containing those cell types are convergent and include other, unrelated and 
lineage-specific cell types. This could happen due to the reduction of the ciliated duct 
and the secretory cells and further integration of the neural part of the ancestral ciliated 
pits with the CNS in annelids. A solid phylogenetic position of Nemertea, analysis of 
function and interactions of the studied TFs as well as additional gene expression data 
from catenulids, macrostomids and Palaeoannelida are needed to ascertain on any of 
those evolutionary scenarios. 
Conclusions 
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In this study, we investigated the morphology and gene expression in the developing 
CNS of the nemertean Lineus ruber. At the moment of hatching, juveniles of L. ruber 
have already all major components of the adult nervous system, which indicates that 
further development is mostly related with increase in the size but not morphological 
complexity. This likeness corelates well with a similar predatory lifestyle of both 
juveniles and adults [40]. Comparison of gene expression in the brain of L. ruber and 
the annelid P. dumerilii [41, 42, 49] indicates that complex brains, observed in those 
two animal species, evolved convergently by independent expansion of non-
homologues regions of simpler ancestral brains. Such scenario corresponds with the 
similar conclusions drawn by comparative morphology [21, 64, 88]. In contrast to the 
discrepancies in gene expression in the brains, we observed that the same set of 
transcription factors, which is expressed in the mushroom bodies of P. dumerilii [49] 
is also expressed in the cerebral organs of L. ruber. These similarities might be a result 
of convergent recruitment of the same GRN into patterning of non-homologue organs 
or indicators of the homology of some cell types contributing to mushroom bodies and 
cerebral organs that could evolve from the cell type present in the lateral 
chemosensory ciliated pits of the hypothetical spiralian ancestor. Further studies on 
the cell-type level and functional interactions of the studied TFs are needed to fully 




Animal collection and morphological investigation 
Adult specimens of Lineus ruber were collected near Bergen, Norway (Fanafjord; GPS 
coordinates: 60.251845N, 5.320947E). The animals had dark red coloration with wide 
pigment-free areas in the terminal part of the head. Animals were kept in the laboratory 
in filtered seawater at 14°C with a daytime cycle: 13 hours of sunshine and 11 hours 
of darkness. Collection of egg masses and desired developmental stages, animal 
fixation as well as antibody, nuclear and EdU stainings followed the already 
established protocols [40]. 
Specimens for TEM investigation were fixed in 4% PFA in PBS, rinsed in the same 
buffer, postfixed in 1% OsO4 diluted in PBS for 120 min at 4˚C, rinsed again and 
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dehydrated in graded ethanol/acetone series. The samples were embedded in Epon 
812 resin (Sigma Aldrich) and cut to semi- and ultrathin sections with a diamond knife 
(Diatome Histo Jumbo) using ultramicrotome Leica EM UC6. The ultrathin cross 
sections of cerebral organ were placed on formvar-covered (Fluka) single slot copper 
grids and stained with 1% uranyl acetate and lead citrate. 
 
Gene expression analysis 
Coding sequences for analyzed genes were identified in the transcriptome of L. ruber 
with the reciprocal TBLASTN search using orthologous protein sequences from P. 
dumerilii. Sequence of all of the newly identified genes were translated into protein 
sequences and aligned with reference sequences from other animals (Table S1). The 
alignments were trimmed either manually or with TrimAl software [120] and analyzed 
with FastTree v2.1 [121] in order to assess orthology of the analyzed genes (Figs. S1–
5). All newly obtained sequences were submitted to GenBank (Accession numbers 
MW720144–MW720151). 
Fragments of genes were amplified from cDNA library using specific primer pairs, 
cloned into pGEM-T Easy vectors (Promega, USA) and then transformed into 
competent Escherichia coli cells for amplification. Plasmid DNA was isolated and 
sequenced in both forward and reverse directions using T7 and SP6 primers to assure 
that the desirable genes were cloned. The antisense probes were transcribed from 
linearized DNA and labeled either with digoxigenin (for hybridization of single mRNA) 
or with dinitrophenol (for detection of second gene in double in situ hybridization). 
Whole mount in situ hybridization followed the same procedure as described for L. 
ruber juveniles in other studies [39, 40]. 
 
Imaging and image processing 
Samples for confocal laser scanning microscopy (antibody staining and in situ 
hybridization) were mounted in Murray’s clear and scanned in either Leica SP5 or 
Olympus FV3000 CLSM. Z-stacks of confocal scans were projected into 2D images 
in IMARIS 9.1.2. TEM microphotographs were obtained with Gatan ES500W camera 
mounted on transmission electron microscope Jeol JEM-1011. Both CLSM images 
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and TEM micrographs were assembled in Adobe Illustrator CS6 into final figures. All 
the schematic drawings were done with Adobe Illustrator CS6. 
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Fig. S1. Phylogenetic analysis of PRD-class homeobox transcription factors. SH-like support 
values are shown for the important nodes. Scale bar on the lower right corner shows amino 
acid substitution rate per site. Sequences from L. ruber are marked in red. For abbreviation 





Fig. S2. Phylogenetic analysis of Emx sequences. SH-like support values are shown for the 
important nodes. Scale bar on the lower right corner shows amino acid substitution rate per 
site. Sequence from L. ruber is marked in red. For abbreviation and source of other sequences 





Fig. S3. Phylogenetic analysis of Fox sequences. SH-like support values are shown for the 
important nodes. Scale bar on the lower right corner shows amino acid substitution rate per 
site. Sequence from L. ruber is marked in red. For abbreviation and source of other sequences 





Fig. S4. Phylogenetic analysis of Dach sequences. SH-like support values are shown for the 
important nodes. Scale bar on the lower right corner shows amino acid substitution rate per 
site. Sequence from L. ruber is marked in red. For abbreviation and source of other sequences 





Fig. S5. Phylogenetic analysis of nuclear receptor subfamily 2. SH-like support values are 
shown for the important nodes. Scale bar on the lower right corner shows amino acid 
substitution rate per site. Sequences from L. ruber are marked in red. For abbreviation and 
source of other sequences see table S1. 
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Table S1. Sequences used in phylogenetic analyses 
 
label gene clade species accession no 
Pdum_Rx Rx Annelida Platynereis dumerilii AAU20320.1 
Myes_Rx Rx Mollusca Mizuhopecten yessoensis XP_021372253.1 
Cgig_Rx Rx Mollusca Crassostrea gigas XP_011427710.2 
Dmel_Rx Rx Arthropoda Drosophila melanogaster NP_726006.3 
Ggal_Rx Rx Chordata Gallus gallus NP_989435.2 
Mmus_Rx Rx Chordata Mus musculus NP_038861.2 
Hsap_Rx Rx Chordata Homo sapiens NP_038463.2 
Pdum_Arx Arx Annelida Platynereis dumerilii ADG26723.1  
Ttra_Arx Arx Brachiopoda Terebratalia transversa AQU64617.1 
Cgig_Arx Arx Mollusca Crassostrea gigas XP_011423594.2 
Myes_Arx Arx Mollusca Mizuhopecten yessoensis XP_021346595.1 
Dmel_Arx Arx Arthropoda Drosophila melanogaster NP_722629.1 
Mmus_Arx Arx Chordata Mus musculus EDL29739.1 
Ggal_Arx Arx Chordata Gallus gallus XP_025002251.1 
Hsap_Arx Arx Chordata Homo sapiens NP_620689.1 
Lrub_Otx Otx Nemertea Lineus ruber AMR72028.1 
Pdum_Otx Otx Annelida Platynereis dumerilii CAC19028.1 
Ttra_Otx Otx Brachiopoda Terebratalia transversa ADZ24785.1 
Cgig_Otx Otx Mollusca Crassostrea gigas XP_011415946.1 
Myes_Otx Otx Mollusca Mizuhopecten yessoensis XP_021353640.1 
Dmel_Otx Otx Arthropoda Drosophila melanogaster NP_511091.4 
Hsap_Otx2 Otx2 Chordata Homo sapiens NP_001257454.1 
Mmus_Otx2 Otx2 Chordata Mus musculus NP_001273410.1 
Ggal_Otx2 Otx2 Chordata Gallus gallus NP_989851.2 
Myes_Otp Otp Mollusca Mizuhopecten yessoensis XP_021340833.1 
Cgig_Otp Otp Mollusca Crassostrea gigas XP_011436433.1 
Ttra_Otp Otp Brachiopoda Terebratalia transversa AEZ03829.1 
Pdum_Otp Otp Annelida Platynereis dumerilii ABR68849.1 
Dmel_Otp Otp Arthropoda Drosophila melanogaster NP_001097388.2 
Mmus_Otp Otp Chordata Mus musculus XP_006517630.1 
Ggal_Otp Otp Chordata Gallus gallus XP_003643004.1 
Hsap_Otp Otp Chordata Homo sapiens NP_115485.1 
Pdum_Emx Emx Annelida Platynereis dumerilii ADG26729.1  
Myes_Emx Emx Mollusca Mizuhopecten yessoensis XP_021359646.1 
Cgig_Emx Emx Mollusca Crassostrea gigas XP_011414574.2 
Dmel_Emx Emx Arthropoda Drosophila melanogaster CAA35965.1 
Ggal_Emx Emx Chordata Gallus gallus XP_001232151.3 
Hsap_Emx Emx Chordata Homo sapiens NP_004088.2 
Mmus_Emx Emx Chordata Mus musculus NP_034261.1 
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Table S1. Continued. 
 
label gene clade species accession no 
Ggal_Vax Vax Chordata Gallus gallus AAF20017.1 
Pdum_Vax Vax Annelida Platynereis dumerilii ABR68848.1 
Pdum_FoxG FoxG Annelida Platynereis dumerilii ADG26725.1 
Myes_FoxG FoxG Mollusca Mizuhopecten yessoensis XP_021363790.1 
Cgig_FoxG FoxG Mollusca Crassostrea gigas XP_011427689.2 
Ttra_FoxG FoxG Brachiopoda Terebratalia transversa AEZ03828.1 
Dmel_FoxG FoxG Arthropoda Drosophila melanogaster NP_476834.1 
Ggal_Foxg FoxG Chordata Gallus gallus NP_990524.1 
Mmus_FoxG FoxG Chordata Mus musculus NP_001153584.1 
Hsap_FoxG FoxG Chordata Homo sapiens AAH50072.1 
Ggal_FoxL2 FoxL2 Chordata Gallus gallus AEE80502.1 
Cgig_FoxL2 FoxL2 Mollusca Crassostrea gigas NP_001295827.1 
Pdum_Dach Dach Annelida Platynereis dumerilii ADG26728.1 
Cgig_Dach Dach Mollusca Crassostrea gigas XP_011445430.2 
Myes_Dach Dach Mollusca Mizuhopecten yessoensis XP_021340456.1 
Ttra_Dach Dach Brachiopoda Terebratalia transversa AJV21306.1 
Dmel_Dach Dach Arthropoda Drosophila melanogaster NP_723968.1 
Hsap_Dach Dach Chordata Homo sapiens EAW80509.1 
Mmus_Dach Dach Chordata Mus musculus XP_036014326.1 
Ggal_Dach Dach Chordata Gallus gallus AAL76234.1 
Myes_Ski Ski Mollusca Mizuhopecten yessoensis XP_021339316.1 
Hsap_Ski Ski Chordata Homo sapiens NP_003027.1 
Pdum_Svp NR2F Annelida Platynereis dumerilii ADG26733.1 
Pdum_Tll NR2E Annelida Platynereis dumerilii ADG26734.1 
Myes_NR2F NR2F Mollusca Mizuhopecten yessoensis XP_021372361.1 
Cgig_NR2F NR2F Mollusca Crassostrea gigas XP_019917917.1 
Dmel_Svp NR2F Arthropoda Drosophila melanogaster NP_001369011.1 
Mmus_NR2F1 NR2F1 Chordata Mus musculus EDL37125.1 
Ggal_NR2F1 NR2F1 Chordata Gallus gallus XP_003643114.1 
Hsap_NR2F1 NR2F1 Chordata Homo sapiens NP_005645.1 
Cgig_NR2E NR2E Mollusca Crassostrea gigas XP_011438581.1 
Myes_NR2E NR2E Mollusca Mizuhopecten yessoensis XP_021369330.1 
Dmel_Tll NR2E Arthropoda Drosophila melanogaster NP_524596.1 
Ggal_NR2E1 NR2E1 Chordata Gallus gallus NP_990501.1 
Hsap_NR2E1 NR2E1 Chordata Homo sapiens NP_003260.1 
Mmus_NR2E1 NR2E1 Chordata Mus musculus NP_689415.1 
Ggal_NR2C2 NR2C2 Chordata Gallus gallus XP_414462.3 
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